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INTRODUCTION 
Erosion is a serious problem in many industries which puts a serious constraint 
on engineering design. The damage suffered from erosive attack has been observed 
in many devices used in energy production and utilization systems, transportation 
of airbone solids through pipes, boiler tubes exposed to fly ash, fluid cat crackers, 
helicopters operating in sandy terrains, high-performance marine vehicles, and space 
vehicles undergoing meteorite bombardment in upper atmospheres or landing on some 
planets. 
If along with erosion high temperature corrosion is involved, it is a problem 
of combined erosion-corrosion where materials degradation occurs simultaneously by 
both the mechanical and chemical means. Examples of the components subjected 
to erosion-corrosion environment are aircraft gas turbine and compressor blading 
and other jet engine parts, steam turbine blades, pulverized coal-fired boilers tubes, 
Auidized bed combustion chamber and tubing, and rocket nozzles. 
Recently, the erosion-corrosion problem has drawn particular attention. The 
Gulf War has brought home the recognition of the dependence of this country on oil 
imports, and the risks associated with it. The solution involves the utilization of coal 
as the major energy resource because coal supplies are abundant in this country. One 
of the main barriers in the utilization of coal is the high rate of material damage that 
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it causes in erosive-corrosive environment. The understanding of erosion-corrosion is 
thus very important for proper design and operation of the components in turboma-
chinery used in coal conversion and utilization. It is believed that along with other 
factors erosion-corrosion will also serve as a design parameter. 
The material loss caused by erosion at room temperature has been studied ex­
tensively in the last fifteen years but the understanding of the mechanisms involved is 
still very limited. The high temperature erosion-corrosion studies were just initiated 
in the last decade. The understanding of this phenomenon is thus still in its infancy 
because of the complex interaction between the factors involved. 
Explanation of Dissertation Format 
This dissertation consists of five parts. Each of them contains sections on the in­
troduction, experimental procedures, results, discussion, conclusions, and references. 
The figures are placed within the text. PART I was presented in a symposium, 
sponsored by the TMS-ASM Joint Corrosion and Environmental Effects Committee, 
which was held at the 118th Annual Meeting of The Minerals, Metals & Materi­
als Society in Las Vegas, Nevada, February 27-March 3, 1989. It was published in 
the refereed conference proceedings entitled "Corrosion & Particle Erosion at High 
Temperatures." PART II was presented in the Fourth Berkeley Conference on the 
Corrosion-Erosion-Wear at Elevated Temperatures, held at Berkeley, California, Jan­
uary 31-February 2, 1990. It is also published in the refereed conference proceedings. 
The rest of the parts will be submitted as individual papers for publication in the 
professional journals. There are two published papers with the joint authorship of 
J. R. Zhou and S. Bahadur which are closely related to the present work but are 
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not included in this dissertation. These papers are: "Effect of Blending of Silicon 
Carbide Particles in Varying Sizes on the Erosion of Ti-6A1-4V," Wear, 132 (1989) 
235-246; and "The Effect of Material Composition and Operational Variables on the 
Erosion of Alumina Ceramics," Wear, to appear shortly. 
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PART I. 
HIGH-TEMPERATURE EROSION-CORROSION BEHAVIOR OF 
STAINLESS STEELS 
5 
ABSTRACT 
The erosion-corrosion behavior of 304, 416, 430 and 17-4 PH stainless steels with 
120 grit SiC particles accelerated by high pressure air was studied. The temperature 
range covered was from ambient to 800°C. The impact velocity was changed from 
55 to 110 m/s and the impingement angle from 10° to 90° to study the effects of 
impingement velocity and angle on erosion rate. It was observed that erosion rate 
virtually remained unchanged up to about 200°C. After this erosion rate increased 
rapidly up to about 650°C and was followed by a moderate increase in erosion up 
to 800°C. The mechanical properties of the oxides produced and their bonding to 
substrate were studied. It is concluded that high temperature erosion is governed by 
interaction among features such as the rate of oxidation, mechanical erosion char­
acteristics, temperature-dependent properties of the material, and the mechanical 
properties of oxides. Erosion mechanisms have also been investigated by SEM. 
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INTRODUCTION 
The erosion behavior of metallic materials at room temperature has been exten­
sively investigated and currently the emphasis is on the high temperature erosion-
corrosion studies. Stainless steels are probably the most common alloys used for 
high temperature applications. For instance, they are used for automotive exhaust 
systems, combustion chambers, mufflers, nozzles, steam and gas turbine blades, coal 
gasification systems, and aircraft exhaust manifolds, a great deal of which involve 
an erosion-corrosion environment. A few workers have studied the high-temperature 
corrosion behavior of stainless steels [1-3]. For example, Fujikawa et al. [1] found 
that 347 stainless steel showed better resistance to high temperature corrosion due 
to the Cr-rich spinel oxide formed in the vicinity of metal/scale interface than other 
austenitic stainless steels in which this oxide layer was not formed. Ishiguro et al. [2] 
observed that the short term oxidation of Fe-18% Cr alloy proceeded in two stages 
-an initial rapid rate followed by a substantial slowing of the oxidation rate. The 
oxidation kinetics depended upon the temperature and oxygen pressure. Natesan [3] 
reported that for Fe-Cr-Ni alloys with high chromium content the alloy chemistry 
had only a minor influence on the type and morphology of the scales developed. 
As for erosion, working under ambient condition with 304 SS, Morrison and 
Scattergood [4] found that the dependence of steady state erosion rate on erodent 
velocity and particle size was the same over the entire impact angle range. SEM 
observations of the surface eroded under steady state condition disclosed similar 
morphologies for the low and high angles of impact. It led these workers to conclude 
that a single mechanism controlled the erosion behavior of the stainless steel at room 
temperature. 
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Working under high temperature conditions in nitrogen environment, Levy et 
al. [.5] reported that the erosion rate of stainless steels either remained constant 
or decreased as the test temperature was increased until a temperature was reached 
where a marked increase in erosion rate occurred with increasing temperature. These 
workers attributed this increase in erosion rate to the changes in the downward slope 
of the short-time tensile strength vs temperature plot. It was also observed that 
the velocity exponent in the erosion rate-velocity relationship for 310 SS eroded in 
non-oxidizing environment at 800°C was only half of its room temperature value. 
Gat and TabakofF [6-7] studied the erosion of 410 SS in air environment up 
to 204 °C and concluded that erosion was too complex to be analyzed by a single 
mechanism, as it was rather a combination of several mechanisms. These workers 
also found that the erosion rate of 410 SS depended upon the impingement angle. 
Shida et al. [8] studied the influence of erodent particle properties on the erosion 
behavior of some austenitic steels. They indicated that erodent particle hardness 
could be the most important factor in increasing erosion rate, particularly so at high 
temperatures. Levy et al. [9] studied the effects of erodent particle size and elevated 
temperature on the combined erosion-corrosion behavior of a series of Cr-containing 
steels. They found that the morphology of surface oxide was dependent upon the 
erodent particle size and test temperature. 
Levy and Man [10] tested 9Cr-lMo steel in air atmosphere and 310 stainless 
steel in nitrogen atmosphere. They found that for an impingement angle of 30° and 
velocity of 30 m/s, the continuous scale formed in air at high temperature on the 
surface of 9Cr-lMo steel appeared to provide better protection to the metal surface 
in erosion than the discontinuous scale formed in nitrogen atmosphere on the 310 
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stainless steel surface. 
The mechanisms of high temperature erosion and the interaction between ero­
sion and corrosion are still not well understood. This realization together with the 
potential use of stainless steels in high temperature erosive environments and the lack 
of systematic erosion-corrosion studies on all representative kinds of steels led to the 
present work. We studied here the erosion of one of each of the austenitic, ferritic, 
martensitic and precipitation hardening types of stainless steels with emphasis on the 
interaction between erosion and corrosion along with other aspects. 
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EXPERIMENTAL DETAILS 
A vertical sand-blast type of high temperature test rig, as shown in Figure 1, was 
designed and fabricated for erosion-corrosion experiments. It consists of a heating 
cylinder A, particle chamber B, mixing block G and specimen holding arrangement 
D. The gas-particle mixing block C, specimen holder D and acceleration tube E are 
located inside a furnace. The particle chamber B has a cylindrical heater wrapped 
around it so as to heat erodent particles before entering the mixing block. The main 
cylinder A is made of stainless steel and is stuffed with stainless steel mesh to provide 
a very large surface area for heating of the gas passing through it. The cylinder A as 
well as the mesh inside it are heated with cylindrical heaters F. The temperatures of 
all the units are monitored and automatically adjusted by independent temperature 
controllers to ensure that the desired temperatures were reached. The tubes connect­
ing the teated cylinder, particle chamber and mixing valve are heavily insulated. The 
acceleration tube is of 3 mm inside diameter and the gap between the tube-end and 
the specimen surface is 7 mm. The carrier gas which is used for accelerating erodent 
particles is supplied from a high pressure gas cylinder. Its entry to the system is 
controlled by a solenoid valve G. During its passage across the large heated surface 
in the heating cylinder, it gets heated to the desired temperature. The heated gas 
makes its way to the mixing block as well as the upper end of the particle chamber. 
The valve H regulates the pressure of gas entering the chamber B and thereby reg­
ulates particle flow. The particles carried by gas enter the mixing block G and are 
accelerated by high pressure heated gas in the acceleration tube E. For the particular 
system, the impingement velocity of particles on specimen surface is governed by the 
pressure of gas entering the system. 
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Figure 1: Schematic diagram of high temperature erosion-corrosion test rig 
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The possibility of the drop in specimen surface temperature due to the im­
pingement of heated air was checked by placing the a thermocouple directly in the 
impingement location on the specimen surface. It was perceived that the air might 
not get heated sufficiently during its passage through the heated cylinder. A number 
of heater settings for the heating cylinder and particle chamber were tried to obtain 
an acceptable temperature drop. The temperature settings that were used finally 
indicated a drop in the specimen surface temperature on the impingement of air of 
15, 12 and 8°C for the test temperatures of 800, 650 and 500°C respectively. There 
was no temperature drop observed in case of 400 and 200°C test temperatures. 
The materials selected for the investigation were 430, 304, 416 and 17-4 PH 
stainless steels which represented the four main groups of stainless steels, namely 
the ferritic, austenitic, martensitic and precipitation hardening, in the same order. 
Specimens were prepared from commercial flat bar or rod stock. The ferritic 430 SS 
and austenitic 304 SS were used in the annealed condition, 17-4 PH steel was double 
aged, and the martensitic 416 SS was austenitized at 980°C and tempered at 205°C. 
After heat treatment the specimens were ground and polished by abrasion against 
emery paper in running water sequentially down to 600 grade finish. 
Commercial silicon carbide particles in 120 grit size, supplied by the Buehler 
Corporation, were used as erodents. The erodent mass flow rate was 20 g/min. Air, 
which is the most common oxidant in industrial practice was used for accelerating 
these particles. Most of the erosion experiments were done with an impingement angle 
of 30° but in some experiments the impingement angles were varied from 10° to 90°. 
The particle impingement velocities at different temperatures and gas pressures were 
measured by a double-disk arrangement. They ranged from 55 m/s to 110 m/s. The 
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Erosion test on any specimen lasted for about 110 minutes. The specimens were 
impacted with a total of 100 g erodent particles in ten steps of 10 g each with an 
interval of 10 minutes between each step. Erosion rate was calculated by dividing 
the total mass loss by the total mass of erodent impacted. 
High temperature corrosion-only experiments were also carried out in the same 
test rig by using the same air flow rate as used in erosion experiments but the impact 
of particles was avoided. 
The surfaces of corroded and eroded-corroded specimens were studied by scan­
ning electron microscopy. 
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RESULTS AND DISCUSSION 
Variation of Erosion with Operating Parameters 
The operating parameters considered in this study were the temperature, im­
pingement angle and erodent particle velocity. As for the temperature, erosion was 
measured at six different temperatures: room temperature, 200°C, 400°C, 500°C, 
650°C and 800°C. Figure 2 shows the variation of erosion rate with temperature in 
the presence of corrosion for stainless steels at an impingement angle (a) of 30° and 
velocity (v) of 65 m/s. At the end of high temperature erosion-corrosion tests, oxide 
film with discoloration was observed on the surface of specimens exposed to 400°C 
and above outside of the particle impact area. The data obtained from corrosion 
(only) tests indicated no weight gain from high temperature corrosion in the case of 
specimens exposed to as high a temperature as 650°C for 110 minutes and only neg­
ligible weight gain (about 0.2 mg weight gain compared to about 20 mg material loss 
by erosion) for those exposed to 800°C for the same period of time. Figure 2 shows 
that as the temperature increases above ambient, erosion rate remains unchanged up 
to 200°C, then it increases rapidly and shows very little change after 650°C. The 
variation of erosion rate with temperature will be explained later. 
The variation in the erosion rate of 304 SS with impingement angle both for 
the room temperature and 500°C conditions is given in Figure 3. It is noted that 
erosion rate peaks around 30° at room temperature and around 20° at 500°C. The 
maximum in erosion rate within 20° to 30° is typical of ductile materials and so does 
not need explanation. 
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Figure 2: Temperature dependence of erosion rate for various kinds of stainless steels 
(v = 65 m/s, a = 30°, 120 grit size SiC particles, accelerating gas is air) 
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Figure 3: Impingement angle dependence of erosion rate of 304 SS at 24°C and 
500°C (velocity 70 ni/s) 
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Figure 4: Variation of erosion rate with impingement velocity for 304 SS at 500°C 
(impingement angle 30°) 
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Figure 5: Dependence of erosion rate of 430 SS on temperature at the impingement 
angles of 30° and 90° (velocity 65 m/s) 
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The effect of impingement velocity on the erosion rate of 304 SS at 500°C is 
shown in Figure 4. According to this data, erosion rate is directly proportional to 
{velocity)^'^. Since the velocity exponent under ambient conditions is 2 or above [11], 
it implies that the erosion rate at high temperature is less sensitive to impingement 
velocity. 
Figure 5 shows the variation in the erosion rate of 430 SS with temperature at 
the impingement angles of 30° and 90°. It reveals that the shape of both curves 
is identical although the erosion rates in normal impact are less than half of those 
at 30° impact for the corresponding temperatures. The latter is also typical of the 
erosion behavior of ductile materials. 
Morphological Features of Eroded-Corroded Surfaces 
Figures 6 to 9 show the surface features on the specimen surfaces produced by 
combined erosion and corrosion on 430, 17-4 PH, 304 and 416 stainless steels, re­
spectively. Each figure includes scanning electron micrographs for both the room 
temperature and high temperature conditions. Careful examination of details re­
vealed that there are some fine differences in microfeatures which reflect the effect of 
temperature and corrosion on erosion features. It is noted that in the case of all the 
stainless steels the domains produced by impacting particles on the surfaces of high 
temperature specimens are larger than those on the surfaces of room temperature 
specimens. The "rub" bands which were produced due to erodent particle sliding 
are wider at higher temperatures too. The crater surfaces of all high temperature 
specimens appear to be more jagged with relative "ductile" characteristics while the 
features on room temperature specimens are finer with relatively less ductile char­
18 
acteristics. The grooves in the case of high temperature specimens are deeper and 
wider. 
The high magnification micrograph in Figure 6(d) exhibits features representing 
the interaction between erosion and corrosion when tested at 800°C. It may be seen 
that the material has undergone severe plastic deformation in erosion. There are some 
oxide crystallites and scales present on the surface while some scale fragments are 
embedded in discrete locations. The diagram shows an erosion pit and the material 
overhanging above it. 
The features in the halo zone (Figures 6(e) and (f)) are similar to those in the 
center of crater (Figures 6(b), (c) and (d)) with the only difference that ploughing in 
the halo zone is virtually absent and the compaction of material is evident. This is 
because of the lower particle concentration and lower energy associated with scattered 
particles which are responsible for producing halo zone. The high magnification 
photograph (Figure 6 (f)) shows severe deformation of material, microcracking in 
oxide scale and the protection provided by it to the material underneath. 
Figure 10 provides the cross-sectional views of the craters of 430 stainless steel 
formed by erosion at the temperature of 200, 500 and 800°C. The surface topography 
resulting from erosion at 200°C is wavy, as is typically observed in the erosion under 
ambient condition. It resulted from the impingement of eroded particles at 30° 
to the surface as well as the particles being reflected back also at about the same 
angle. The deformation in the substrate (particularly seen in Figure 10(c)) exhibits 
microcracking which contributed to the loss of material in the erosion process. There 
is also some evidence of flake formation on the surface. The depth of the crater formed 
by erosion at 500°C is much larger than that at 200° C, which would account for the 
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Figure 6: Electron micrographs of the craters of 430 SS for the erosion test temper­
ature and crater locations indicated below: (a) 24°C , center of crater; 
(b) 650°C, center of crater; (c) and (d) 800°C, halo zone (v = 65 m/s, a 
= 30°) 
Erosion Pit 
Figure 6 (Continued) 
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Figure 6 (Continued) 
m 
Figure 7: Electron micrographs of the crater centers of 17-4 PH SS: (a) for erosion 
at 24°C; (b) for erosion at 800°C 
Figure 8: Electron micrographs of the crater centers of 304 SS: (a) for erosion at 
24°C; (b) for erosion at 800°C 
Figure 9: Electron micrographs of 416 SS: (a) for erosion at 24°C; (b) for erosion 
at 800°C 
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Figure 10: Cross-sectional views through the middle of crater of 430 SS eroded at 
(a) 200°C; (b) and (c) 500°C; (d) 800°C 
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erosion being much greater at the higher temperature as seen in Figure 2. That is 
also the case at 800° C. The sectional views corresponding to the temperatures of 
500 and 800°C show that the high-velocity stream of erodent particles cuts through 
the base material separating the fragments of material on its way. The lower the 
strength of .the material, the deeper will be the penetration of the particle stream. 
As the particles are reflected back, they tend to tear the overhead material as shown 
in Figure 10(d) which could finally result in the detachment of a fairly large fragment 
of material. 
Corrosion Aspects in the Erosion-Corrosion Process 
Stainless steels react to form surface oxide scales when exposed to air (or oxy­
gen) at high temperatures. The oxidation rate is a function of temperature and the 
resistance-to-attack is a function of the protection afforded by the scale formed. Fig­
ure 11 shows the oxidation behavior of stainless steel in 0.1 atm oxygen as a function 
of time and temperature [12]. It may be seen that the oxidation rate up to 650°C 
is low and it becomes significant at 700°C. The weight increase obtained from cor­
rosion tests on different kinds of stainless steels exposed to fiowing air at 800°C for 
110 minutes was 0.1 ~ 0.4 mg on a specimen of the size 25.4mm x 19.0mm x 3.2mm 
which amounted to (0.8 ~ 3.2) x 10""^ mg per mrrfi surface area. This weight gain is 
negligible compared to the material loss of about 20.0 mg in erosion when impacted 
by 100 g erodent. 
The oxidation features on the surface of 430 SS exposed to still air at 650°C 
for 10 minutes are shown in Figure 12(a). It may be seen that during this short 
time oxide crystallites initiated and grew to about 0.05 fim size. They seem to have 
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initiated preferentially in defect locations such as scratch marks. The oxide scale 
formed is neither uniform nor continuous. Due to its sparse nature, this oxide scale 
would not be expected to play a significant role in the high temperature combined 
erosion-corrosion process. Therefore, the erosion rate variation with temperature 
below 650°C is basically due to changes in the temperature-dependent properties of 
stainless steels. 
Oxidation becomes fairly profound when the stainless steel is exposed to air at 
800°C even for a short duration of 10 minutes as shown in Figure 12(b). In this 
case, oxide crystallites have covered the entire surface providing the appearance of 
a monolayer of oxide scale with some overlap only in discrete locations, possibly of 
defects. The bulk of the crystallites are 0.15 jXTn in size while some, which probably 
resulted from the growth of preexisting oxide crystallites, are more than double in 
size. The crystallites are in the shape of multi-faceted polyhedra. After a prolonged 
exposure of 110 minutes, there is a multiple-layer deposition of crystallites, as shown 
in Figure 12(c), resulting in a thicker oxide scale. It is noted that the contribution to 
the thickening of oxide scale comes from three processes: the growth of preexisting 
crystallites, the initiation of new crystallites, and the agglomeration of crystallites. 
The figure also shows that these crystallites which are initially multi-faceted become 
round with longer exposure times. 
Oxide Scale Characteristics 
Although there were no significant weight gains from oxidation in the case of 
specimens exposed to air at 800°C, a uniform and continuous thin oxide scale did 
form on the surface even after 10 minutes exposure, as seen above. Whether erosion 
Figure 12: Morphology of high temperature corroded surface of 430 SS exposed to 
air at the temperatures and times given: (a) 650°C, 10 min; (b) 800°C, 
10 min; (c) 800°C, 110 min 
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Figure 12 (Continued) 
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is accelerated or retarded by corrosion depends upon the degree of oxidation and the 
properties of the oxide scale formed. The extent of oxidation as a function of time 
and temperature has already been discussed. We would now study the properties of 
oxide at room temperature. Admittedly, the properties at room temperature may be 
different from those at high temperatures, but they should still provide some insight 
into the relevant aspects. 
In order to analyze the adhesion of oxide film to the base material under plastic 
deformation conditions, an indentation was made on the oxidized surface (exposed 
to air at 850°C for 4 hours) of 430 SS with a square-base pyramid diamond indentor 
and 100 g load. This is shown in Figure 13 both at low and high magnifications. 
The crystallites of oxide are seen to undergo plastic deformation along with the base 
material because the oxide film stays mostly unbroken. There are some locations 
within the bounds of the indentation where oxide scale appears to be thin. There is no 
evidence showing that the scale was separated from the substrate. The microhardness 
measurements with 100 g load on the surface oxidized at 800°C and the substrate 
beneath it gave DPH values of 178 and 163, respectively. The higher value of hardness 
in the former case indicates that the stainless steel surface with oxide on it is stronger 
than in the latter case. We could thus conclude that the the oxide scale formed on the 
stainless steel surface is hard, pliable and adherent to the base metal. In a situation 
like this where oxide acts as a barrier between the base metal and outside effect, 
which may be a high temperature environment or a stream of impacting erodent 
particles, oxide would be expected to play a significant role in the erosion-corrosion 
process. 
Figure 13; Microindentation on the surface of 430 SS oxidized at 850° C showing 
details at two magnifications 
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DISCUSSION 
It is the protective nature of oxide scale that accounts for the heat-resistance of 
stainless steels. Once a thin chromium oxide layer is formed, it serves as a barrier 
between the base metal and corrosive environment and thereby protects the metal 
from further corrosion. As for erosion, the oxide scale could be resistant to erosion 
depending upon its thickness, strength, and its ability to deform and to keep adhering 
to the base material. In high temperature erosion-corrosion, it is thus possible for the 
oxide scale to retard both corrosion and erosion. At relatively modest temperatures, 
say up to 200°C, the oxidation rate is negligibly low so that it has virtually no effect on 
erosion. The oxide scale formed from 650°C to 800°C has erosion resistant properties: 
strong, pliable, continuous and good adherence to the substrate. As such, it would 
be expected to slow down the increase in erosion rate in this temperature range, 
which is the case as observed in Figure 2. In order to verify that the moderation in 
erosion rate was due to oxide scale, 430 SS was eroded at 800° C with nitrogen as the 
carrier gas and the test chamber was maintained under positive nitrogen pressure at 
all times. The erosion rate in this non-oxidizing atmosphere was found to be close to 
0.2 mg/g compared to 0.185 mg/g in air atmosphere. This confirms the role of oxide 
as a retarder of erosion. The retardation of erosion by corrosion has been observed 
by others as well [8, 10]. A rapid increase in erosion rate occurs in the temperature 
range of 200 to 650°C. In this temperature range, the role of oxide scale on erosion 
is fairly small and the rapid increase in erosion rate is believed to be because of the 
changes in target material properties and microstructure. 
Erosion studies under ambient conditions have shown that erosion increases with 
the increase in strength or the accompanying decrease in ductility. This is basically 
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due to localized extrusion and ploughing which produce work-hardening so that sub­
sequent repeated impacts on the piled-up material give rise to flake formation and 
finally the detachment of material. As discussed earlier, the micromechanisms of 
erosion at high temperature are somewhat different from those at room temperature. 
The examination of cross-sectional views of the eroded craters in Figure 10 revealed 
that much higher erosion at 500°C and 800°C was being produced due to the cutting 
action of the stream of particles into the substrate and tearing by the reflected stream. 
With erosion being controlled mostly by these two mechanisms, erosion would be ex­
pected to increase with decreasing strength. The morphological features in Figures 
6 to 9 also support this because the sizes of domains, rub-bands and grooves were all 
bigger at higher temperatures. Figure 14 shows the variation of tensile strength and 
ductility with temperature for 430, 304 and 17-4 PH stainless steels. The variation 
in properties for 416 stainless steel is similar to that of 17-4 PH steel. Since the 
strength of all stainless steels is decreasing with increasing temperature, their erosion 
rate is increasing. Ductility is not playing the role in influencing erosion process be­
cause all steels have reasonable percent elongation at all temperatures and the role 
of work-hardening and flake formation leading to the removal of material is greatly 
diminished due to the considerably greater recovery rate at higher temperatures. 
Another factor which may be influencing the erosion of stainless steels is the 
intergranular precipitation which, occurs at high temperatures [13]. It probably con­
tributes to the rapid increase in erosion rate in the temperature range 400 to 650°C. 
For ferritic stainless steels, a Cr-rich a' phase is precipitated on dislocations and a 
phase along grain boundaries when heated in the 400 to 540°C and 500 to 800°C 
ranges. In martensitic stainless steels heated above 260°C, carbide (or nitride) pre-
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Figure 14: Variation of tensile strength and ductility of stainless steels with tem­
perature [14-15] 
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cipitation occurs at grain boundaries, especially between 450 to 550°C. In austenitic 
stainless steels Cr-carbide precipitation also occurs in the grain boundary region. The 
hard precipitation products along grain boundaries or crystal defects, from a brittle 
network within the matrix material. Thus, whereas the bulk material has ductile 
matrix and.exhibits ductile properties as in Figure 14, it is brittle in the localized 
level due to the brittle network at elevated temperatures where such precipitation 
occurs. Such a material would be very susceptible to external impacts. The evidence 
of this is seen in Figure 10 which shows microcracking, shatter and detachment of 
material in erosion pits at 500 and 800°C. Thus the increase in erosion above 200°C 
is occurring both due to localized precipitation and the decrease in strength. 
At temperatures higher than 800°C, the oxide scale thickness increases and the 
scale manifests spalling tendency [12]. This occurs so because thick scales tend to be 
brittle and they have internal stresses which promote the rupture of oxide scale and 
spalling from the surface under external impacts. Such oxide scales would neither 
be expected to provide resistance to corrosion nor erosion. Consequently, erosion at 
such high temperatures would be expected to increase considerably and the erosion 
process would be dominated by rupture and spalling of the oxide scale. 
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CONCLUSIONS 
1. The variation of erosion rate with temperature is similar for all types of 
stainless steels: ferritic, martensitic, precipitation-hardening and austenitic. Erosion 
rate virtually remains unchanged up to about 200°C, then it increases rapidly to 
about 650°C and is followed by a moderate increase up to 800°C. 
2. The role of corrosion in erosion from ambient temperature to 650°C is in­
significant. The variation of erosion with temperature in this temperature range may 
be explained in terms of the changes in tensile strength with temperature and the 
precipitation of chromium carbide in dislocations or grain boundary regions. 
3. The exposure of 430 SS to air at about 800° C results in the formation of a 
strong and pliable oxide film with good adherence to the substrate. This oxide film 
is resistant to both corrosion and erosion. 
4. The exponent of velocity in the erosion-velocity relationship for 304 SS has a 
value of 1.8 at 500°C compared to 2.0 or above normally obtained for room temper­
ature conditions. 
5. The maximum in erosion rate for 304 SS occurs in the impingement angle 
range of 20° to 30° irrespective of temperature. 
6. The shape of curves representing the variation of erosion with temperature 
for 430 SS is similar for both 30° and 90° impingement angles. 
7. Erosion morphology changes with erosion test temperature. The sizes of 
domains, rub-bands and grooves formed due to the impingement of particles in ero­
sion on the surfaces of high temperature specimens are larger than those at room 
temperature. 
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8. It is seen that corrosion influences erosion and whether erosion is less, unaf­
fected or more in the presence of corrosion depends upon the characteristics of the 
corrosion scales formed. 
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PART II. 
FURTHER INVESTIGATIONS ON THE ELEVATED 
TEMPERATURE EROSION-CORROSION OF STAINLESS STEELS 
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ABSTRACT 
The erosion-corrosion behavior of four representative types of stainless steels is 
reported and compared to the work of others. The characteristics of oxidation and the 
properties of oxide scale are examined by scanning electron microscopy, dynamic ball 
impact, and scratch tests. The effect of operating parameters on erosion-corrosion 
is studied by varying the temperature, impingement angle and velocity, particle size, 
and erodent concentration. The features of eroded-corroded zones and substrate 
deformation are examined. It is found that below 650° C elevated temperature erosion 
is dominant and above it the interactions between erosion and corrosion play an 
important role. Above 200°C the erosive mass loss rate increases with increasing 
temperature, but the rate of increase is found to be heavily dependent upon particle 
concentration. The latter is found to have a great influence on erosion-corrosion and 
so is considered to be a major operating parameter at elevated temperatures. The 
mechanisms of erosion-corrosion with particular emphasis to the interaction between 
erosion and corrosion are discussed. Four possibilities for the damage or loss of 
material by impacting particles in elevated temperature erosion-corrosion situation 
are suggested and related to the actual features observed on the eroded-corroded 
surfaces. 
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INTRODUCTION 
The study of the combined erosion-corrosion behavior of metallic materials at 
elevated temperatures has lately been drawing considerable attention because of its 
economic significance. The damage resulting from erosion-corrosion is a serious prob­
lem in many industrial applications. Since it affects the operational life and the ef­
ficiency of a component or system, it has become an important design consideration 
in many situations. 
Stainless steels are extensively used for exposure to elevated temperatures in ex­
haust systems, combustion chambers, turbine blades, coal gasification systems, etc., 
which involve an erosion-corrosion environment. As such the elevated temperature 
combined erosion-corrosion behavior of these materials deserves to be studied. As 
for the elevated temperature corrosion of stainless steels, it has been studied most 
extensively and reported in the literature [1-3]. Some investigators have studied the 
erosion of stainless steels under ambient conditions [4]. As for elevated tempera­
ture erosion, some test results on the erosion of stainless steels at about 205°C were 
reported [5] in 1977, and Tabakoff and coworkers [6, 7] later reported the erosion 
behavior at a higher temperature of 649°C. A study on the elevated temperature 
erosion of steels, including some stainless steels, was conducted in undried nitrogen 
atmosphere to avoid the analysis of the erosion mechanisms as complicated by si­
multaneous corrosion [8]. Gradually the emphasis on investigations has shifted to 
combined elevated temperature erosion-corrosion [9-13]. An extensive review of the 
elevated temperature erosion-corrosion work on stainless steels was provided in our 
earlier work [9]. 
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The realization that the mechanisms of elevated temperature erosion-corrosion 
were not well-understood together with the potential for the use of stainless steels in 
elevated temperature erosive environments led to our earlier work [9] on the various 
kinds of stainless steels: austenitic, ferritic, martensitic and precipitation hardening 
types. The present work is a continuation of that work. It supplements our earlier 
work with the additional data and aspects not studied earlier, and complements it 
with the recent work of others on stainless steels and also some other chromium-
containing steels. Its purpose is to present a coherent understanding of the mech­
anisms of combined erosion-corrosion, with emphasis on the interactions between 
erosion and corrosion, and of other aspects. 
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EXPERIMENTAL 
Erosion-corrosion experiments were performed using a vertical sand-blast type of 
elevated temperature test rig described in detail in PART I. The carrier gas used for 
accelerating erodent particles was air. It is the most common oxidizing environment 
encountered in industrial practice. The temperature range of the investigation was 
from ambient to 800°C. 
The materials selected for the investigation were 430, 304, 416 and 17-4 PH 
stainless steels. These represent the four main groups of stainless steels, namely the 
ferritic, austenitic, martensitic and precipitation hardening, in the same order. Their 
chromium contents range from 12 to 20%. The same heat treatment conditions as 
reported in PART I were used, that is, the ferritic 430 SS and the austenitic 304 
SS were used in the annealed condition, 17-4 PH steel was double aged, and the 
martensitic 416 SS was austenitized at 980°C and tempered for 1 hour at 205°C. 
After heat treatment the specimens were ground and polished by abrasion against 
emery paper in running water sequentially down to 600 grade finish. 
The commercial silicon carbide particles in 120, 240, 320, 400 and 600 grit sizes, 
supplied by the Buehler Corporation, were used as erodents. Two different erodent 
mass flow rates, 0.0421 g/mm^s and 0.0026 g/mm^s, were used for investigating the 
influence of erodent concentration on elevated temperature erosion-corrosion. Most 
of the erosion-corrosion experiments were done with an impingement angle of 30°, 
but in some experiments the impingement angle was varied from 10° to 90°. The 
particle impingement velocities at different test temperatures were measured by the 
double-disk arrangement. The velocity range used in some experiments was from 
55 m/s to 128 m/s, but most experiments were done with an impingement velocity 
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of 65 m/s. Whereas some of the test conditions may be somewhat severe in terms 
of practical erosion, the results obtained reveal fairly well the features of elevated 
temperature erosion and thus help to understand the underlying mechanisms. 
The erosion experiment on any specimen lasted for 110 minutes. In the case of 
erodent mass flow rate of 0.0026 g/mm^s, the specimen was continuously impacted 
with a total of 100 g erodent particles. In the case of higher mass flow rate of 0.0421 
g/mm^s, the 100 g erodent particles were impacted in ten steps of 10 g each, every 
10 minutes between each step, and during a fraction of 10 minutes the specimen was 
not impacted by the particles. Erosive mass loss rate was calculated by dividing the 
specimen mass loss by the total mass of erodent particles impacted. The elevated 
temperature corrosion-only experiments were performed in two ways: static where 
the specimen was heated in furnace and no air v/as impinging, and dynamic where 
the specimen was heated in the same test rig and subjected to the same air flow 
rate as used in the erosion-corrosion experiments (but the air stream was devoid of 
particles). The surfaces of the corroded and eroded-corroded specimens were studied 
by scanning electron microscopy. Some of the eroded specimens were sectioned to 
reveal the cross-sectional features. 
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RESULTS AND DISCUSSION 
Oxidation Characteristics 
When the clean surface of an alloy with the ability to form protective oxide 
scale is exposed to elevated temperature in an oxidizing environment, three stages 
of oxidation are typically exhibited, as shown in Figure 1 [14]. The duration of the 
first stage which is transient in nature is fairly short, and the oxidation rate is high. 
During this stage, oxides of all the reactive elements on the alloy surface form and 
the amount of each is roughly proportional to the concentration of the element in the 
alloy. The extent of oxidation depends on the relative amounts and the growth rates 
of the oxides formed. In steady-state oxidation the rate of oxidation is controlled 
by the growth of a protective oxide scale, which is a solid-state diffusion-controlled 
process. As oxide scales thicken, stresses develop and cause failure of the scales and 
the onset of breakaway oxidation by the stress relief mechanisms such as blistering, 
tensile or shear scale-cracking, etc. The onset of breakaway behavior is also related 
to the penetration of protective oxide scales by cations from the base metal or anions 
from the environment. 
Stainless steels are typical of the alloys which form protective film during oxi­
dation. In elevated temperature erosion-corrosion the oxidation behavior during the 
first and second (particularly, the early part of it) stages is of interest. As such 
the extent of oxidation and the nature of the transient oxidation products are of 
concern. When the test conditions lead to high erosivity, the erosion-corrosion pro­
cess becomes erosion-dominant, and the corrosion process in this case will relate to 
transient oxidation. If the process is corrosion-dominant, steady-state oxidation will 
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Figure 1: Schematic representation of the extent of oxidation (i.e. weight change 
per unit area or scale thickness plus depth of internal oxidation) as a 
function of time [14] 
50 
be the relevant mechanism. In other cases, erosion-corrosion will involve both the 
transient and steady-state oxidation processes. 
For stainless steels the oxidation rate up to 550°C is extremely low while it 
becomes significant above 700 °C [9]. The mass gain obtained by exposing to air all 
the four kinds of stainless steels tested in this work at 800°C for 110 minutes was 
0.1-0.4 mg on a specimen of the size 25.4mm x 19.0mm x 3.2mm. It amounted to 
(0.8 — 3.2) X lO^'^m^/mm^ surface area. These corrosion tests were carried out under 
both the static and dynamic conditions, and there was no significant difference in the 
mass gain values found. Levy et al. [10, 13] reported from their observations on a 
series of other chromium-containing steels that there were essentially no differences in 
the oxide scale thickness, morphology and composition between the short-time static 
and dynamic corrosion exposures. 
The oxidation features on the surface of 430 SS exposed to air at 650°C for 10 
minutes are shown in Figure 2 (a). It may be seen that during this short time oxide 
crystallites initiated and grew to about 0.05 nm size. They seem to have initiated 
preferentially in the defect locations such as scratch marks. The oxide scale formed 
is neither uniform nor continuous due to the slow oxidation rate at this temperature. 
Due to its sparse nature, this oxide scale would not be expected to play any significant 
role in the elevated temperature combined erosion-corrosion process. Therefore, it is 
believed that at the temperatures 650°C and below the erosion-corrosion of stainless 
steels is basically an erosion-dominant process, and the variation in erosion rate with 
temperature within this range is basically due to the changes in the temperature-
dependent properties of the materials. 
Oxidation becomes fairly profound when stainless steel is exposed to air at 800°C 
Figure 2: Morphology of high-temperature corroded surfaces of 430 SS exposed to 
air at the temperatures and times given: (a) 650°C, 10 min; (b) 800°C, 
10 min; (c) 800°C, 110 min; (d) same as (c) but at a higher magnification 
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Table 1: Oxides determined by x-ray diffraction analysis of the eroded-corroded 
surfaces of Cr-steels [13] 
even for a short duration of 10 minutes. In this case, the oxide nuclei formed grow 
laterally to yield a continuous film on the surface. This can be seen in Figure 2 
(b) where the oxide crystallites have covered the entire surface thereby providing the 
appearance of a monolayer of oxide scale with some overlap only in discrete locations, 
possibly of defects. The bulk of the crystallites are 0.15 /im in size while some are 
more than double this size. These larger crystallites resulted from the growth of 
pre-existing preferentially-nucleated oxide crystallites. These could be interpreted in 
terms of the Ostwald ripening, i.e., the nuclei which are formed near a large particle 
are dissolved away and the larger particles grow at the expense of the smaller ones 
in an effort to reduce surface energy. All of the crystallites are in the shape of 
multi-faceted polyhedra. After a prolonged exposure of 110 minutes, the multilayer 
deposition of crystallites results in a thicker oxide scale, as shown in Figure 2 (c). 
It is noted that the contribution to the thickening of oxide scale comes from three 
processes: the growth of pre-existing crystallites, the initiation of new crystallites, 
and the agglomeration of crystallites. Figure 2 (d) which shows these crystallites 
at a much higher magnification indicates that the crystallites which were initially 
multifaceted became round with longer exposure times. 
Alloy Oxides 
2.25CrlMo 
5Cr0.5Mo 
9CrlMo 
410SS (12Cr) 
304SS (19Cr9Ni) 
310SS (25Cr20Ni) 
7-Fe203 
')-Fe20g, FeCr20^ 
7-Fe203, FeCr204 
7-Fe203, FeCr204, Cr203 
7-Fe203, FeCr204,Cr203 
NiO, FeCr204, Cr203 
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During oxidation several types of oxides are formed. Table 1 gives the kinds of 
oxides reported by Levy and Man [13], as determined by the x-ray diffraction analysis 
of the eroded-corroded surfaces of steels containing Cr. 
In an erosion-corrosion process, corrosion on a surface is accelerated by the ero­
sion damage. The evidence to this effect was obtained by heating a specimen contain­
ing both the undamaged and the erosion-damaged zones and examining the features 
in these two zones. These features are seen in Figure 3 where one sees the crystallites 
in two sizes: those nucleated earlier and appearing as widely-spaced fast-growing 
big particles, and the ones nucleated later appearing as small particles covering the 
surface uniformly and giving the appearance of a monolayer. Both sizes of crys­
tallites are larger in the erosion-damaged zone than the corresponding crystallites in 
the undamaged zone. The agglomeration of crystallites, which is an indication of 
further oxidation, is also seen in the severely damaged location. The oxidation will 
be much more enhanced under concurrent impacting and heating as involved in a 
real erosion-corrosion situation. The stimulated scale-growth by impacting particles 
was quantitatively verified by holding the undamaged and erosion-damaged 304 SS 
specimens at 950°C for 20 minutes and at 1000°C for 45 minutes. In both the cases, 
the mass gain of the damaged specimen was about twice that of the undamaged 
specimen. The difference in mass gains occurs partly from the accelerated oxidation 
rate and partly from the increased contact surface area because of the eroded surface 
topography. Levy and coworkers [10, 13, 15] also made similar observations in the 
case of 310 SS, 410 SS and other materials. By examination of the scale morphology 
of 9Cr-lMo steel, they established that the impact of erodent particles on the surface 
undergoing corrosion at 750°C produced a scale which occurred in a corrosion-only 
b 
Figure 3: Surface morphology of (a) undamaged and (b) erosion-damaged (at room 
temperature) areas of a 430 SS specimen exposed to 800°C for 40 minutes 
after erosion 
test at a temperature 150°C higher. 
The mechanism of the accelerated oxidation discussed above depends upon the 
fact that oxide nucleation is favored at the sites of higher energy such as the surface 
defects in the form of dislocations, grain boundaries, impurities, etc. The impacting 
particles produce localized plastic deformation and thereby induce numerous dislo­
cations in the surface layer. It increases the density of surface defects which serve as 
locations for the nucleation of oxide. This can be seen in Figure 2 (a) where crystal­
lites nucleated preferentially around scratch marks. Some of these older crystallites 
later annihilate the newly-formed small crystallites. 
The impacting particles change both the composition and the structure of oxide 
scale. Levy [16] reported that the corroded surface of 410 SS had an upper layer of 
iron oxide separated by a line of voids from the lower layer of the same thickness of 
iron oxide. On the other hand, the erosion-corrosion scale had a thinner upper layer 
of iron oxide and a much thicker lower layer of iron oxide. 
Oxide Properties 
The oxide scales formed on stainless steel surface are protective because they 
serve as good solid-state diffusion-barriers between the alloy and the environment 
which prevents the base metal from being further corroded. The adhesion and hard­
ness are the two properties which could affect the resistance to spalling and mechan­
ical damage from particle impacts. In order to determine the adhesion of oxide film 
to the base material under impact deformation conditions, a dynamic impact test 
was carried out by impacting a steel ball of 3.18 mm diameter on a 430 SS specimen 
surface preoxidized at 800°C for 40 minutes. As seen in Figure 4, the crystallites of 
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oxide on the impacted surface seem to be consolidated and condensed, and appear to 
have undergone plastic deformation along with the base material because the oxide 
film stays mostly unbroken. There is no crack seen either, even around the edge of 
the impacted indentation, which is typically observed in the case of brittle materials. 
Whereas, there are some locations within the bounds of indentation where the oxide 
scale appears to be thin, there is no evidence showing that the scale was separated 
from the substrate. 
The adhesion, deformation and strength of the oxide were further checked by a 
scratch test. The oxide scale was scratched with a Talysurf diamond stylus under 
a load of 6.3 g. It produced a scratch of 6 width. Figure 5 shows that with 
the traverse of stylus the oxide scale has been completely condensed and deformed 
thereby providing a flat and smooth appearance. There are no cracks and there is 
no indication of spalling in and around the deformed region. These observations lead 
to the conclusion that the oxide scale formed on the stainless steel surface is pliable, 
and strongly adherent to the substrate. These observations are consistent with our 
conclusions drawn from a quasi-static indentation made on a preoxidized 430 SS [9]. 
Similar characteristics of the oxide scale in the dynamic eroded-corroded zone will 
be presented later. 
The microhardness reading with 100 g load on the surface oxidized at 800°C for 
110 minutes was 178 DPH as compared to 163 DPH on the substrate beneath it. The 
higher value of hardness in the former case indicates that the stainless steel surface 
with oxide on it is stronger than in the latter case. We could thus conclude that 
the oxide scale formed on the stainless steel surface is hard, pliable and adherent 
to the base metal. In a situation like this where oxide acts as a barrier between 
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Figure 4: Single bail impact on the surface of 430 SS oxidized at 800°C for 40 
minutes 
Figure 5: Oxide scale deformation from scratching on the surface of 430 SS oxidized 
at 800°C for 40 minutes 
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the base metal and its surrounding, which may be either a elevated temperature 
environment or a stream of impacting erodent particles, oxide would be expected to 
play a significant role in the erosion-corrosion process. 
Effect of Operating Parameters 
The operating parameters considered in this study were the temperature, im­
pingement angle, particle velocity, particle size, and erodent concentration. 
Temperature The erosive mass loss of material was measured at six different 
temperatures: room temperature, 200, 400, 500, 650, and 800°C. Figure 6 shows 
the variation of mass loss rate (which is the mass loss of target divided by the mass 
of erodent particles impacted) with temperature in the presence of corrosion for 
stainless steels at an impingement angle of 30°, velocity of 65 m/s, and an erodent 
concentration of 0.0421 g/mm^s. It would be noted that the trend in the variation of 
mass loss rate with temperature is basically similar for all the kinds of stainless steels. 
As the temperature increases above ambient, mass loss rate remains unchanged up 
to 200°C. It then increases rapidly up to 400°C and there is a moderate increase 
occurring from 400°C to 800°C. The mass loss rate of the ferritic 430 SS is the 
lowest of all steels at any temperature. 
At the end of elevated temperature erosion-corrosion tests, a thin layer of oxide 
film with temper color was observed on the surfaces of the specimens exposed to 
400°C, and with a color indicative of severe heat-damage at higher temperatures. 
Since no perceptible mass gain was measured in the case of specimens exposed to as 
high a temperature as 650°C for 110 minutes and only a small gain for those exposed 
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Figure 6: Temperature dependence of erosive mass loss rate for various kinds of 
stainless steels: v = 65 m/s, a = 30°, 120 grit size SiC particles, erodent 
concentration 0.0421 g/mm^s, accelerating gas air 
to 800°C for the same period of time, it seems reasonable to assume that the oxide 
film formed was very thin. As the mass loss rate in erosion tests up to 200°C is 
about the same as at room temperature, it is concluded that oxidation played no 
role in this temperature range. The erosive mass loss rate increases significantly from 
200 to 400° C while there is no significant oxide formed in this temperature range. 
The erosion variation in this temperature range is thus believed to be because of the 
changes in material properties and microstructure. This was demonstrated in our 
earlier work [9]. Since in the temperature range 650 to 800°C, there was significant 
oxidation but a mere negligible change in mass loss rate from erosion, it is believed 
that the oxide film played here a significant role in providing protection from erosion. 
This aspect will be further pursued later. 
In our erosion experiments, there was no decrease in erosion rate observed with 
the increase in temperature up to 800°C (Figure 6). On the other hand, some 
investigators have reported the decrease in erosion rate occurring beyond a certain 
temperature. Figure 7 [17-18] shows this kind of behavior particularly for Cr-Mo 
steels. The leveling in erosive mass loss rate in the temperature range 650-800°C 
(Figure 6) suggests that we could also observe the decrease in mass loss rate at 
higher temperatures. 
Impingement angle In our earlier work [9], it was reported that the maximum 
erosive mass loss rate for 304 SS at the impact velocity of 70 m/s occurred at about 
30° for room temperature and at 20° for 500°C. TabakofF et al. [6] reported similar 
variation of the mass loss rate with impingement angle for this stainless steel at the 
temperatures of 316, 482, and 649 °C, and at the considerably higher velocities of 
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183, 244, and 305 m/s. The maximum in mass loss rate within 20° to 30° is typical of 
ductile materials. This indicates that the mechanism of material removal in erosion 
does not change with either the increase in temperature or impact velocity. Since 
in brittle materials the maximum erosion occurs under normal impact conditions, it 
indicates that the plastic deformation is the dominant mode of material removal in 
elevated temperature erosion-corrosion. 
Impingement velocity Our earlier erosion-corrosion studies [9] on 304 SS at 
5 0 0°C indicated that mass loss rate is directly proportional to {velocity)^'^. Since the 
velocity exponent reported under ambient conditions is 2 or above [4, 19], it implies 
that the mass loss rate at elevated temperatures is less sensitive to impingement 
velocity. Other investigators also observed the decreased sensitivity of mass loss rate 
to velocity at elevated temperatures. Levy et al. [8] found that the velocity exponent 
of 310 SS at 800° C was 1.23, which was only one-half of its room temperature value. 
TabakofF et al. [6] also found the velocity exponent of less than 2 for 304 SS at 
316, 482, and 649°C. The increased toughness and decreased strength at elevated 
temperatures could account for the decreased sensitivity to impingement velocity 
since these changes in properties would enable more energy of the impacting particles 
to be absorbed by the target material during impacting process. 
Particle size Figure 8 shows the erosive mass loss rate of 304 SS by erosion-
corrosion at 650°C with varying particle size. The mass loss rate increases rapidly 
with increasing particle size up to 40 /im beyond which" there is no significant dif­
ference. This kind of variation is similar to that normally observed under room 
temperature condition. It should be noted that the difference in mass loss rate for 
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Erodent Particle Size, pm 
Figure 8: Variation of erosive mass loss rate of 304 SS as a function of particle 
size: temperature 650°C, velocity 65 m/s, erodent concentration 0.0026 
g/mm^s 
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the particles ranging in size from 28 to 151 f.Lm is extremely small. This variation 
is explained in terms of the erosivity of different particle sizes. It is stated that the 
larger particles are more erosive than smaller particles, the angular particles are more 
erosive than smoother particles, and that the particle shape and size are closely re­
lated. SEM examination of the erodent particles in various grit sizes showed that the 
coarsest 120 grit particles were more angular than the finest 600 grit particles, and 
the angularity of particles in other grits was within these two extremes [20]. If all 
other conditions are fixed, the erosivity of particles is, to a great extent, dependent 
upon their angularity. 
Levy and Man [21] measured the erosion of 9CrlMo steel at the temperature 
of 650 °C, impingement angle of 90° and velocity of around 60 m/s with the SiC 
particles in sizes 76, 130 and 280 ^m. They found that the erosion by 76 jim particles 
was approximately the same as by 130 particles. This is consistent with the 
erosion behavior presented in Figure 8. They also found that unlike the behavior of 
metals where the erosion rates for particle sizes between 100 and 200 nm are generally 
similar [22] and become independent of particle size above some critical value [23-24], 
the erosion rate for 280 SiC was still significantly higher than for 130 iim at all 
velocities from 25 m/s to 85 m/s. 
Figure 9 shows the erosive mass loss rate of 304 SS with varying sizes of par­
ticles, all accelerated in the air stream at a constant pressure of 0.0932 MPa and a 
temperature of 650°C. The unshaded portions represent the decrease in erosion rate 
due to the decrease in particle size while the shaded portions represent the net effect 
of the increase in erosion rate due to the increase in particle velocity. The latter 
occurs because the finer the particle the faster it is accelerated at a constant gas 
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pressure. It should be noted that the erosion rate increases with decreasing particle 
size except for the 600 grit size. This peculiar behavior of 600 grit size could be for 
two reasons: considerable reduced angularity and the inability of light particles to 
produce substrate deformation beyond the threshold level for erosion. It is thus seen 
that although the particle size in the range of 28 to 151 nm is not a big contributor to 
erosion rate change at elevated temperature and constant velocity, it manifests its ef­
fect on erosion rate through the fact that finer particles travel faster when accelerated 
in a fluid stream at constant pressure. 
Erodent concentration It is generally considered to be a minor factor in the 
erosion at room temperature and so relatively less work on this aspect has been done. 
A decrease in erosion rate with increased sand concentration was reported in a slurry 
jet test [25]. Similar behavior has been reported for gas stream jets as well. Thus 
the general consensus is that erosion is reduced with increased erodent concentration. 
While, in general, the reduction in erosion could be small, in some cases a reduction 
as large as 50% has been reported for a fortyfold increase in concentration [19]. At 
elevated temperatures the effect of erodent concentration on mass loss rate is much 
more profound and so it becomes a significant variable. The variation of erosive mass 
loss rate with temperature for two erodent concentrations and two kinds of stainless 
steels is shown in Figure 10. It should be noted that there is no effect of erodent 
concentration on erosive mass loss rate up to 200°C. There is considerable difference 
in the erosive mass loss rate for two different concentrations at higher temperatures, 
and the higher the temperature, the greater is the difference. The erosive mass loss 
rate for both materials at 800°C at a particle flow rate of 0.0026 g/mm^s is close to 
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twice that at 0.0421 g/mm^s. 
The variation of erosion with erodent concentration may be explained by con­
sidering the phenomena such as the interaction between the impinging particles and 
target material, time available for oxidation, intercollision between particles, mecha­
nisms responsible for material removal and the like. A stream of particles travelling in 
a tube has a velocity distribution associated with it, that is, there is a range of veloc­
ities with an average velocity at the highest frequency [26]. The velocity differences 
occur not only between the particles at stream center and edges, but the particles 
in any flow plane are also moving at somewhat different speeds. In addition, the 
erodent particles have a size distribution along with the variation in angularities or 
shapes [27]. Considering these factors, we may express the erosivity (which is defined 
as the ability of an impacting particle to cause virtual damage or material removal) 
E of an individual impact particle as a function of the impingement velocity v, size 
s and angularity a, etc. as follows: 
E  =  f { v , s , a ,  )  
It is reasonable to assume that the erosivities of a stream of particles would follow 
the Gaussian distribution as shown in Figure 11. For any erosion situation, there 
is expected to be a critical value Ec which implies that only those particles whose E 
is equal to or greater than Ec would participate in the virtual damage or removal of 
target material. Such particles could be called the active particles, and in the same 
sense, those particles whose impact would not contribute to either virtual damage or 
removal of target material (because E < Ec) as the dummy particles. Obviously, Ec 
is heavily dependent on temperature, since it increases with the increase in strength 
or the accompanying decrease in ductility of target material, and the strength of 
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Figure 11: Schematic representation of erosivity distribution of the erodent particles 
in a fluid stream and the temperature-dependence of critical erosivity. 
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stainless steels is reduced by 60% or more over the temperature range from ambi­
ent to 600°C [9]. Erosion under ambient conditions involves localized extrusion and 
ploughing which produce work-hardening so that the subsequent repeated impacts 
on the piled-up material give rise to flake formation and finally the detachment of 
material. The same mechanism would apply to elevated temperature erosion as well 
with the exception that work-hardening may not occur at fairly high temperatures. 
In other words, elevated temperature fatigue would be the viable mechanism. It was 
further shown in our earlier work [9] that cutting action of the stream of particles 
into the substrate and tearing by the reflected stream also plays role in elevated tem­
perature erosion. With the removal of material being controlled mostly by these two 
mechanisms, erosive mass loss rate would be expected to increase with decreasing 
strength. Since the strength of all stainless steels decreases with increasing tempera­
ture, their erosive mass loss rate would vary with temperature as shown in Figure 6. 
It would thus also follow that Ec would be lower at higher temperatures. 
As the erodent particles accelerated in a gas stream approach a target surface, 
some of these will collide with the reflected particles. The higher the erodent concen­
tration, the greater will be the number of particles undergoing interparticle collisions 
and vice versa. As a result of collisions, two kinds of events occur because of the 
distributions of the size and velocities of particles in the fluid stream. The incoming 
high-energy particles get deflected but are still able to impact the target surface. 
They participate in erosion irrespective of the temperature. On the other hand, the 
incoming low-energy particles (because of either low mass or low velocity) are pushed 
out of the erosion zone and so do not participate in erosion. The percentage of such 
particles is lower with lower erodent concentration because of the reduced likelihood 
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of interparticle collisions. In other words, some of the low-energy particles that are 
thrown out of. the erosion zone at high erodent concentration are able to impact in 
the erosion zone at low erodent concentration level. In spite of their low energy, these 
particles effectively erode the target surface at elevated temperatures but are not able 
to do so at room temperature because the Ec needed for erosion at this temperature is 
higher than that needed at elevated temperatures. Consequently, whereas the erosive 
mass loss rate at elevated temperatures is lower with greater erodent concentration, 
it is virtually unaffected at room temperature by erodent concentration. 
At elevated temperatures corrosion becomes an important factor in the erosion-
corrosion process. At any instant, a part of the impact zone is exposed to impacting 
particles while the remainder is exposed to carrier gas and so to the corroding effect of 
it. Thus, with lower erodent concentration relatively fewer particles will be contacting 
the target at a particular instant and so a larger part of the area in the crater zone 
will be free to corrode. At the next instant, the bulk of the corroded areas will most 
likely be eroded while the adjacent surface produced by the removal of material in 
the previous impact will be undergoing rapid corrosion being in the transient state. 
In other words, the smaller the erodent concentration, the larger is the volume of 
corrosion products. 
When erodent concentration is very low, the additional effects associated with 
the collision between incoming and reflected particles and corrosion will be fairly 
small. Therefore, it is expected that there would be a critical value of the erodent 
concentration below which erosive mass loss rate will not be significantly affected by 
it. 
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Morphological features of eroded-corroded surfaces 
Figure 12 shows the details of the eroded surface of 304 stainless steel, both 
for the room temperature and elevated temperature conditions. Similar micrographs 
for other stainless steels were reported earlier [9]. Some fine differences in the mi-
crofeatures which reflect the effect of temperature and corrosion on erosion features 
are worth pointing out. As compared to room temperature, the domains produced 
by impacting particles on the surfaces of elevated temperature specimens are larger. 
The "rub" bands which were produced due to the sliding action of erodent particles 
are also wider at elevated temperature. There is a clear indication that the erosion 
process at elevated temperature involved considerable plastic deformation of the sur­
face. Due to the repetitive impact of particles resulting in the intermittent damage 
and replenishment of oxide scales, the latter are very thin and the oxide crystallites 
are fairly small, as inferred from Figure 2 (b). Figure 12 (c) shows the features on the 
eroded-corroded surface of the same stainless steel impacted with 400 grit particles 
at 650 °C. The deformation features are similar but finer because of the finer size of 
particles. 
The cross-sectional view through the crater of 430 S S formed by the erosion-
corrosion process at the temperature of 500°C is given in Figure 13. It exhibits the 
damage by the incoming particles impinging at 30° to the surface as well as the 
outgoing particles leaving at about the same angle. Specifically, it shows that the 
high-velocity stream of erodent particles cuts through the base material separating 
the fragments of material on its way. As the particles are reflected back, they tend 
to tear the overhead material as shown. It could finally result in the detachment of 
a fairly large fragment of material. There is some evidence of flake formation on the 
b 
Figure 12: Electron micrographs of the craters of 304 SS: (a) 24°C', (b) SOO^C. 120 
grit  SiC particles, erodent concentration 0.0421 g/mm^s; (c) 650'^C. 400 
grit SiC particles, erodent concentration 0.0026 g/mm"s 
c 
Figure 12 (Continued) 
Figure 13: Cross-sectional view through the middle of crater of 430 SS 
eroded-corroded at 500"C 
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surface as well. 
Figure 14. shows the slip bands produced in the substrate of the erosion crater of 
304 SS where the particles were impacted at room temperature. It is noted that the 
slip bands are developed up to a depth of 20 //m. This indicates that a depth of 20 fim 
is affected below the impact location. There is obviously a deformation gradient with 
the deformation being maximum at the surface. Considering the impact of particles 
with a velocity of 70 m/s at an angle of .30° to the surface, it provides a strain rate 
of 3.0 X 10® /s. 
Figure 1.5 shows how the deformation of grain boundaries occurs close to the 
surface of 304 SS as a result of the particle impacts at 800°C. The slip bands are not 
seen here because they were annealed out very quickly at the elevated temperature 
used in the test. 
Interaction between Erosion and Corrosion 
As the direct target of impacting particles, oxide scales play an extremely im­
portant role in elevated temperature erosion-corrosion. The role of oxidation in the 
erosion-corrosion of stainless steels cannot be simply treated in terms of mass gain, as 
some workers have suggested, since the mass gain due to oxidation is not significant 
for stainless steels, as shown earlier. It should instead be looked at in terms of the 
interactions between the oxide scales and impacting particles as well as the proper­
ties of oxide scales such as their adherence to the substrate, structure and mechanical 
properties. 
Basically, there are four possibilities in which oxide scales may be damaged 
and/or removed. These are shown schematically in Figure 16. In type 1 a part 
7!) 
Figure 14: Slip bands on 304 SS due to particle impacts at room temperature 
Figure 15: Plastic deformation of grain boundaries of 304 SS due to particle impacts 
at 800°C 
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of the oxide layer is chipped away by the impacting particles. The oxide scale get 
thinned locally, and some cracking might be induced in the scale. The events of this 
kind most likely occur in low-energy or low-erosivity (such as by round particles) 
impact situations. Type 2 is the case where the scale is completely knocked off the 
substrate (spalling) so that the bare material is exposed and the adherence of scale 
to the substrate is poor. This case would barely apply to stainless steels. When 
the adherence of oxide scale to the substrate is excellent and the oxide is pliable, 
the scale undergoes plastic deformation along with its substrate upon impact, and 
is consolidated or buckled with localized thinning due to scale chipping, as shown 
in type 3. There is some likelihood of cracking here due to good adhesion between 
the scale and its substrate and the localized severe plastic flow of substrate. Type 4 
situation occurs where the oxide scale is removed along with some substrate material, 
as would be the case in high-energy or high-erosivity (such as by angular particles) 
impacts. 
Some high magnification micrographs of the eroded craters for elevated tem­
perature situation were taken so as to study the interaction between erosion and 
corrosion. Figure 17 (a) exhibits the features in the halo zone on the surface of 430 
SS eroded at 800°C. Here the surface has undergone some plastic deformation. It 
is covered with oxide scales which are cracked in some locations but still seem to 
provide protection to the material underneath. In the location of erosion pits, the 
scales are consolidated and plastically deformed along with the substrate. This is the 
type 1 and 3 cases in Figure 16. 
Figure 17 (b) shows an erosion pit on the surface of 304 SS eroded at 800°C. 
Here the oxide scales have been pushed to the sides. The substrate in the bottom of 
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Figure 17: Electron micrographs of the surfaces eroded-corroded at 800^C (a) 430 
SS [9], (b) and (c) 304 SS 
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Figure 17 (Continued) 
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the pit is covered with thin oxide scales which seem to have buckled in some places. 
A lot of tiny erosion pits may be seen in the left side of the micrograph. These 
are produced either by fine particles or by the scattered particles resulting from the 
collision between incoming and outgoing particles. The features in this erosion pit 
are typical of type 3. 
Figure 17 (c) provides the details of the central part of Figure 12 (b) which 
relates to the erosion-corrosion of 304 SS at 800°C. It shows extensive deformation, 
"rub" bands and oxidation of surface all over. There is also the evidence of condensed 
oxide scales by impacting particles. 
Similar observations in the case of elevated temperature erosion-corrosion have 
been made by other workers as well. Working with six different kinds of chromium-
containing steels, including 304, 310 and 410 SS, Levy and Wang [12] found that 
at shallow impingement angles and low particle velocities the oxide scales were seg­
mented and removed by the slow cracking and chipping mechanisms. At steeper 
impingement angles and higher particle velocities, the scales were consolidated and 
removed at a higher rate by the spalling mechanism. The mechanisms in the first case 
correspond to type 1 and those in the second are close to type 2 in Figure 16. These 
workers [28] also pointed out that the oxide scale formed on these steels was thin 
when angular particles were used, resulting in the base metal participating directly 
in the wastage mechanism. This is the type 4 situation. 
Wright et al. [11] examined the oxide formed in the erosion-corrosion of FeCrAlY 
(25% Cr) at 760 °C (velocity 43 m/s; angle 90°). They found that cracking, appar­
ently as a result of particle impacts, occurred predominantly along oxide crystallite 
boundaries, and that the locations where buckling of oxide occurred did not appear 
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to coincide with alloy grain boundaries. They inferred from their observation on this 
alloy and also on AISI 446 steel (24% Cr) that the direct removal of oxide by impacts 
was small, although the cracking of oxide could well occur. It appeared that the 
impact produced localized flow in the substrate and so buckling of the oxide. This 
may be considered as the type 3 case in Figure 16. 
As shown earlier, the oxide scale formed on the surface of stainless steel at 
elevated temperatures is strong, pliable, continuous, and has good adherence to the 
substrate. It would thus be expected to provide some protection from erosion to the 
surface of the metal. In order to check this aspect, erosion test [9] on 430 SS at 800°C 
with nitrogen as the carrier gas was carried out. It gave a slight increase in erosion 
compared to that in the oxidizing fluid stream. Similar observations were reported by 
Shida et al. [29] who tested various stainless steels at 650°C in both the argon and 
air atmospheres. Their results are shown in Figure 18. There is a marked decrease 
in the erosion rate of all stainless steels in air compared to that in argon. Levy and 
Man [21] also indicated that the formation of continuous scales on metal (9CrlMo 
steel) surface and their subsequent erosion appeared to provide some protection for 
the base metal. These workers also concluded that the presence of CrgOg in the 
scales of austenitic steels helped to reduce scale formation and removal and also the 
resultant metal wastage [13]. 
It should be realized that the oxide scale may provide protection in both possible 
situations. In the first case, the interaction of scale with impacting particles is basi­
cally within the scale layer so that the damage to the substrate material is negligible. 
In the second case, some substrate material along with the oxide film is removed, but 
since the scale has desirable properties such as high strength and pliability, it reduces 
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the substrate material loss due to its retardation effect on the efficiency of erosion 
impacts. 
It may be added that even at elevated temperatures, where corrosion is dominant, 
the temperature-dependent properties of stainless steels play an important role. It is 
so because any deformation, stresses or cracks developed in the substrate will affect 
the oxide scale because of its strong adherence to the base metal. 
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CONCLUSIONS 
1. The rate of oxidation is enhanced by the external mechanical damage of 
surface such as by erosion. 
2. The dynamic impact and scratch tests revealed that the oxide scales formed 
on the surface of stainless steels by exposure to air at 800°C were strong and pliable 
and had excellent adherence to the substrate. Such oxide scales are expected to 
provide protection to the surface from erosion. 
3. The variation of erosive mass loss rate with temperature is similar for all 
types of stainless steels. There is virtually no change in erosive mass loss rate from 
ambient to 200°C. It increases rapidly from 200 to 400°C. Above 400°C the rate 
of increase in erosive mass loss rate with increased temperature depends upon the 
erodent concentration. 
4. The erosive mass loss rate is basically insensitive to erodent concentration at 
room temperature but is highly sensitive to it at elevated temperatures. 
5. The variation of erosive mass loss rate with particle size at elevated temper­
ature follows the same general trend as at room temperature. 
6. When the particles of varying sizes are accelerated in a fluid stream at constant 
pressure, the erosive mass loss rate is higher for finer particles. It is so because the 
finer particles are accelerated at a higher velocity than the coarser particles. 
7. The maximum in erosive mass loss rate for 304 SS occurs in the impingement 
angle range of 20° to 30° irrespective of temperature. 
8. The erosive mass loss rate at elevated temperatures is less sensitive to im­
pingement velocity than at room temperature. 
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9. The slip bands are formed in the substrate of 304 SS by particle impacts at 
room temperature. 
10. As a result of the particle impacts at elevated temperatures, the grain 
boundaries in the substrate are severely deformed. 
11. Erosion at elevated temperatures is greatly influenced by oxidation so that 
the interaction between erosion and oxide scales becomes an important consideration. 
12. There are four possibilities suggested for the damage or loss of material 
by impacting particles. These are the chipping of oxide layer, the removal of oxide 
exposing bare metal, the plastic deformation of substrate and oxide scale resulting 
in the consolidation and buckling of the latter, and the removal of oxide scale along 
with some substrate material. 
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PART III. 
SEM STUDIES OF MATERIAL DAMAGE IN ALUMINA CERAMICS 
BY ANGULAR SINGLE AND MULTIPLE PARTICLE IMPACTS 
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ABSTRACT 
The mechanisms of erosion in alumina ceramics have been investigated by scan­
ning electron microscopy. The five commercial aluminas tested ranged from pure 
alumina to those containing different proportions of silicate glassy phase and zirco-
nia. In single particle impact tests, the targets were impacted with 10.35 fim angular 
SiC particles and in multiple particle tests with 151 fim SiC particles. The particles 
were always impacted under normal impact condition with an impingement velocity 
of 50 m/s. It was found that whereas brittle failure was the basic erosion mecha­
nism, the morphological features of eroded surfaces were quite different for different 
materials and depended upon their compositions. The presence of secondary phases 
improved the bonding between alumina grains and also increased toughness by ab­
sorbing part of the impact energy. Therefore, the erosion resistance was enhanced by 
the presence of secondary phases in alumina. The erosion rates of these materials are 
analyzed briefly in terms of the erosion mechanisms. It was found that the classical 
lateral cracks which are typical of brittle indentation fracture were not present on 
the eroded surfaces of aluminas. 
95 
INTRODUCTION 
In recent years, ceramics have found more and more applications because of some 
properties which are superior to those of other materials [1-3]. The main drawback 
of these materials is their inherent brittleness. When subjected to attack by hard 
particles as in erosion, their high brittleness makes them sensitive to surface cracking. 
This leads to surface degradation and material damage [4]. 
The mechanism of indentation fracture, produced by the impact of spherical 
particles, has provided fundamental theories for the erosion of ceramics. There are 
two commonly-accepted classifications of these theories: those based on a purely 
elastic fracture [5-8], and others based on an elastic-plastic fracture [5, 9-14]. These 
two theories are dependent upon the impacting particles size. The former theory 
holds good for particles whose radius at the point of impact is larger than a critical 
radius Rc(> 200fim) and which produce Hertzian cone cracks. The latter theory is 
good for smaller particles which produce radial and lateral vent cracks. Whereas, in a 
purely elastic fracture the cooperative intersection of adjacent cone cracks is required 
for material removal, in an elastic-plastic fracture the material removal can occur 
by non-intersecting lateral cracks [5]. For the elastic-plastic fracture, two theories, 
namely, the quasi-static and the dynamic, have been developed. The major difference 
between these theories is that in the dynamic theory the calculation of the force from 
particle impact includes dynamic stress wave effects, while in the quasi-static theory 
the kinetic energy of particles is assumed to be absorbed completely by plastic flow. 
The literature cites both the agreement and the discrepancy between the theoret­
ical and experimental results [15-18]. In the erosion tests on glass by large spherical 
particles, several investigators found the direct evidence of material loss by the in­
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tersection of Hertzian cone cracks [19-21], but some investigators could not see such 
cracks in their experiments [6-7]. In an erosion pit produced on alumina surface by 
46 grit (508 {.im diameter) SiC particles impacting at 75 m/s, both the cleavage and 
transgranular failures were noticed but no radial cracks were observed [22-23]. This 
is contrary to the indentation model in which both the radial and lateral cracks are 
expected to propagate out of the contact site. This kind of erosion pit was thought 
to be formed due to extensive grain-boundary cracking by the impact. Similar phe­
nomenon was observed by Wiederhorn and Hockey [24] in the erosion of alumina 
[24]. On the other hand, Morrison et al. [25] characterized the single impact dam­
age on mullite (.3A/2O3 • 2Si02) by AZ20g particles of 270 nm diameter impacted 
at 100 m/s and 90°. Here, the damage zone consisted of the central impact crater 
from which radial cracks emanated and a lateral crack zone having approximately 
the dimensions of the impacting particle. They also made same observations with 
the erodent particles of 37 fim in size. Soderberg et al. [26] reported that the damage 
on 94% and 99% purity AI2O2, by single particle impacts at an impingement angle 
of 45° and a velocity of 66 m/s was mainly because of intercrystalline fracture. In 
some cases, transcrystalline fracture was also observed. In the case of 99.7% AZ2O3, 
the impact point was found to be covered with a layer of erodent particle fragments. 
The erosion mechanism for all three ceramics was considered to be the same. 
The erosion of Al20^ seems to have some different characteristics from those 
of other brittle materials. It was found that the erosion damage in soda-lime glass 
could be modeled by indentation fracture mechanics, but the experimental results for 
sintered alumina could not be explained by the theory [17]. More work is, therefore, 
needed to develop the understanding of the erosion mechanisms for ceramics. The 
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present work is a continuation of our earlier work [15] on the commercial alumina 
ceramics. Its objective is to study the material surface damage by single and multiple 
impacts on alumina ceramics with emphasis on the differences because of the other 
phases present in the material. 
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EXPERIMENTAL DETAILS 
The experimental conditions for both the single particle and multiple particle 
erosion tests were as follows: 
Impingement velocity: 
Impingement angle: 
Temperature: 
Erodent material: 
Erodent particle size: 
Test duration: 
Erodent impacted: 
50 m/s 
90° 
24 °C 
SiC 
120 grit/151 f im (for multiple particle impacts) 
1035 ± 110/tm (for single particle impacts) 
70 minutes (for multiple particle impacts) 
250 g (for multiple particle impacts) 
one particle each impact (for single impacts) 
A linear gas gun which was described in detail elsewhere [27] was used in single 
particle impact experiments. The single SiC particle of 1035 ± 110 iim was acceler­
ated by high pressure air in a glass tube, 4 mm inside diameter and 1.2 m long. The 
specimen was mounted inside a test chamber and the distance between the specimen 
surface and the end of the acceleration tube was about 20 mm. The multiple particle 
erosion experiments were performed in a vertical sand-blast type of erosion test rig 
described earlier [28], and the experimental procedure is also described there. 
The five commercial alumina ceramics which were used as the target materials 
are listed in Table 1. Their compositions, grain sizes and designations as also given in 
this table. Some of the relevant mechanical properties of these materials are given in 
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Table 1: Compositions and mean grain sizes of alumina ceramics 
Manufacturer Composition Mean grain Designation 
code® size (/<m) used here 
2140 90% alumina 4- 7.6 AllOSi 
10% silicate glassy phase 
6928 96% alumina + 6.2 A14Si 
4% silicate glassy phase 
M-RCHP-4PD 99.5% alumina 8.0 A1 
6935 zirconia-toughened alumina 6.0 ZTA4Si 
+ 4% silicate glassy phase 
ZTA-GF-A zirconia-toughened alumina 6.0 ZTA 
^Champion Spark Plug Company, Detroit, Michigan. 
Table 2: Mechanical properties of alumina ceramics 
A1 ZTA ZTA4Si A14Si AllOSi 
Hardness, VHN 1,710 1,610 1,260 1,660 1,250 
Fracture toughness, MPa-^m 4.0 5.5 5.5 4.1 3.9 
Modulus of elasticity, MPa 344,740 289,580 289,580 303,370 268,900 
Compressive strength, MPa 2,758 2,900 2,900 2,620 2,410 
Table 2. All of these materials were ball-milled with water, spray dried, and pressed 
in a steel die at 82.5 MPa and sintered at 1550 °C for 2 hours. 
The eroded surfaces were examined by scanning electron microscopy. The spec­
imens were coated with gold and an accelerating voltage of 15 kV was used. 
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RESULTS AND DISCUSSION 
Single Particle Impacts 
Single particle impact experiments were performed by impacting 1035 jim angu­
lar SiC particle normal to the ceramic specimen surface at 50 m/s velocity. Figure 1 
(a) shows the details in the impacted region of the single phase alumina (Al) target 
and Figure 1 (b) exhibits the central part of the impacted region at a higher mag­
nification. It may be seen that the impact produced mostly intergranular cracking, 
while transgranular cracking also occurred in some places. There is no sign of plastic 
deformation. In some locations, cracks initiated and propagated partways so that the 
detachment of grains did not occur. In Figure 1 (a) some radial cracks emanating 
from the edge of the damaged site may be seen. Such cracks are typical in classical 
indentation fracture. In the upper right location of the impact site (marked by an 
arrow), a network of cracks has developed with the result that several fragments will 
be separated from this location on subsequent impacts. 
When A14Si was impacted by a single particle, profuse transgranular cracking 
occurred, as shown in Figure 2. In the lower right corner of Figure 2 (a), an erosion pit 
may be seen. It was created by the loss of material from this location. Around the pit 
edges, a lot of fragments which have been shaken loose from the target material are 
located. Figure 2 (b) is a higher magnification photograph of Figure 2 (a) and shows 
intensive transgranular cracking. As mentioned in the introduction section, one of 
the theories for the erosion of ceramics is based on indentation fracture produced by 
impacting spherical particles. It points out that pure elastic fracture generally occurs 
when the radius of contact on impact is larger than a critical radius (> 200/xm). In 
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Figure 1: Erosion damage by the normal impact of a single angular particle on single 
phase alumina: particle size 1035 /xm; impingement velocity 50 m/s 
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Figure 2: Morphology of erosion damage by a single particle impacted normally on 
A14Si target 
103 
d 
Figure 2 (Continued) 
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the present work, the impacted particles were angular as opposed to being spherical. 
The individual particle might impact thé target surface either on a blunt side or on 
a sharp edge so that the radius of contact in these two cases would be different. This 
would also change the mechanism of erosion from elastic to elastic-plastic fracture. 
The erosion in Figure 2 (c) appears to be the case of pure elastic fracture where 
mostly transgranular cracks developed parallel to each other so that multiple laminar 
fragments were formed. Such cracking was caused by high-speed loading and because 
of the poor resistance of material to crack propagation. Figure 2 (d) shows at a higher 
magnification the fragmentation of material by parallel cracking. 
The comparison between the morphological features in Figures 1 and 2 for the 
impact-damaged surfaces of single phase alumina (Al) and the alumina containing a 
secondary glassy phase (A14Si) revealed the following differences. In the single phase 
alumina, the main mechanism of cracking was intergranular and the density of cracks 
was lower, so that the size of fragments removed was larger being about the size of 
the grains. Once these fragments were formed, they were completely removed so that 
a "clean" impact site was left. In contrast to this, the size of the fragments removed 
in the case of A14Si was finer because of transgranular cracking and a higher crack 
density which resulted in subgrain size fragments. The impact site left here was not 
"clean" because numerous fragments remained loosely attached to the target surface. 
The differences were observed on many specimens and so are typical of the materials 
studied. 
The above differences may be accounted for in terms of the microstructure and 
mechanical properties of these two aluminas. The higher the modulus of elasticity 
of a material, the higher is the contact stress induced in it on impact. Similarly, the 
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higher the hardness, the greater is the stress needed to initiate failure on indentation. 
Once a crack initiates, its propagation leading to fracture is governed by the fracture 
toughness of material. Since the modulus of elasticity of A1 was higher than that 
of A14Si (Table 2), the contact stress in this material was also higher. From the 
microstructural aspect, alumina grains were much stronger than their grain bound­
aries which were weakened by the presence of impurities, pores, and the mismatch of 
lattice, etc. Therefore, the impact in alumina produced a relatively higher stress field 
which initiated cracks in the weak grain boundary region. This process was aided also 
by the internal stresses in stressed grain boundaries due to the mismatch of lattice. 
The cracks propagated along the grain boundaries because the stressed volume at the 
impact site which was in unstable high energy state tried to revert to the stable low 
energy state by releasing energy and thereby inducing further stresses. Because of the 
lower resistance to crack propagation along grain boundaries, the cracks were able 
to develop fully and propagate to the surface, thereby releasing energy further. This 
energy served as a part of the driving force for further crack propagation. On the 
other hand, in the two phase A14Si alumina, alumina grains were strongly bonded 
by a silicate glassy phase so that the grain boundaries were no longer vulnerable 
to either crack initiation or crack propagation. Here, cracks initiated at any site of 
stress concentration, such as a pore, a pre-existing fine crack, or an impurity location. 
For the same reasons as indicated above, the nucleation density of cracks was high 
so that the driving force for crack propagation was lower, and the individual cracks 
could not develop fully. The morphology of the eroded surface was dominated here 
by transgranular fracture because the grain boundaries were no longer weaker than 
the grains. 
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Figure 3 shows a set of micrographs of the surface of AllOSi impacted by a single 
particle under the same conditions as above. Figure 3 (a) shows an overall surface 
damage at low magnification. The actual impact site here was between the two arrows 
marked. There are radial cracks seen emanating out of this region. The stresses 
induced in the central part of the crater were so concentrated that cracks initiated 
and propagated everywhere regardless of the glassy phase, alumina grains and grain 
boundaries. The damage of material occurred here by both the intergranular and 
transgranular fracture processes. The top and the bottom parts of the pit in Figure 
3 (a) are less severely damaged than the central part. The features in the top part, 
which are quite different from those in the central part, are shown in Figure 3 (b). 
The material removal from the grains occurred here by transgranular processes in 
the locations indicated by arrows. Here the cracks were fully developed within a very 
shallow layer, and the fragments were completely removed. Figure 3 (c) shows the 
severely damaged area of another pit. There is an indication of plastic deformation 
occurring here in the glassy phase which is seen much better in Figure 3 (d). The 
features in Figure 3 (d) are quite different from those observed in the cases of A1 and 
A14Si. Most of the area in this micrograph seems to be covered by a deformed glassy 
phase. The presence of a substantial amount of glassy phase in AllOSi degraded its 
strength because the glassy phase is a weaker material. The cracking would thus 
occur predominantly within the glassy phase. Based on these observations, it can 
be seen that the features on the eroded surface of AllOSi are a combination of the 
brittle fracture of alumina grains and the deformed structure of glassy phase. 
When zirconia-toughened alumina was subjected to a single particle impact, it 
underwent localized plastic deformation presumably in the zirconia region. This is 
Figure 3: Morphology of erosion damage by a single particle normal impact on 
AllOSi 
Figure 3 (Continued) 
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seen in many locations in Figure 4 (a). For example, the location marked by arrow 1 
shows a plowing groove and that marked'by arrow 2 shows deformed lips or stringers 
with rounded shape. In addition, there is an evidence of typical brittle fracture, as 
seen in Figures 4 (b). Figure 4 (c) shows the central part of Figure 4 (b) at higher 
magnification. It presents the typical intergranular fracture appearance as seen for 
single phase alumina. This feature is also indicated by the arrow 3 in Figure 4 (a). 
Multiple Particle Impacts 
Figure 5 shows the typical surface features of single phase alumina (Al) eroded 
by 120 grit SiC particles at 50 m/s velocity and normal impingement angle. There 
are many small "flat" zones seen in Figure 5 (a). These can be seen more clearly at a 
higher magnification in Figure 5 (b). These zones were presumably produced by the 
impact of low erosivity particles which had either relatively low velocity or small size 
(as there is a statistical distribution of velocities and sizes involved in a travelling 
stream of particles) or by the contact of impacting particles with the target surface 
on their blunt sides. Due to the low erosivity of these particles and the high hardness 
of alumina, such particles were not able to inflict severe damage. They could neither 
effectively chip the target material nor produce concentrated stresses high enough 
to initiate and propagate surface cracks. The damage was thus possibly limited to 
being superficial. The worn zone, as marked by an arrow in Figure 5 (b), indicates 
brittle damage which is characterized by the cracks and the brittle wavy appearance. 
Such flat zones were observed on the eroded surfaces of other alumina materials as 
well. Figure 5 (c) shows both intergranular and transgranular cracking in the eroded 
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Figure 4: Morphology of erosion damage by a single particle impact on ZTA surface 
I l l  
Figure 4 (Continued) 
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Figure 5: Surface morphology of single phase alumina Al eroded at normal angle 
and 50 m/s impingement velocity 
Figure 5 (Continued) 
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region. 
Figure 6 shows the surface features df A14Si eroded under the same conditions as 
above. The microfeatures in Figure 6 (a) are essentially identical to those in Figure 
5 (a), characterized by small flat zones. The center of the crater in Figure 6 (b) is 
clean and presents the appearance of the grains having been pulled out of this region. 
The erosion morphology is typical of brittle failure where the fracture occurred along 
grain boundaries. Similar characteristics appear even in Figure 6 (c) which shows 
the halo zone of the erosion crater. The erosion damaged zone is jagged and faceted, 
which is characteristic of brittle fracture. 
The eroded surface features of AllOSi are similar to those of Al4Si discussed 
above. These are shown in Figure 7 in which a big pit produced by erosion is seen. 
Obviously, this pit was created by the loss of several alumina grains. This happened 
because of the relatively lower strength, toughness and hardness of the material 
compared to those of other aluminas. 
The eroded surface of zirconia-toughened alumina, shown in Figure 8 (a), ap­
pears to have the same features as discussed above for A1 and A14Si, but the surface 
exhibits some plastic deformation. This is seen better in Figure 8(b) which should be 
compared with Figure 6 (b) for A14Si to judge the difference in the extent of plastic 
deformation. On the eroded surface of ZTA, one can see brittle fracture as well as 
severely deformed zones, where the latter were most likely formed by the deformation 
of zirconia particles. In the presence of zirconia, alumina particles will be protected 
somewhat from severe damage because the impact energy will be partially absorbed 
by the zirconia particles undergoing deformation. Thus, there will be less energy 
available to cause damage in the brittle alumina grains. 
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Figure 6: Surface features of A14Si eroded at normal angle and 5.0 m/s impingement 
velocity: (a) and (b) center of crater; (c) halo zone of crater 
116  
Figure 6 (Continued) 
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Figure 7: SEM micrograph of the eroded surface of AllOSi: 90° impingement angle. 
50 m/s impact velocity 
116  
Figure 8: Eroded surface features of zirconia-toughened alumina: 90° impact angle, 
50 m/s velocity 
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Figure 9 (a) shows the features in the halo zone of the erosion crater of ZTA. 
There are a number of hemispherical pits seen all over the surface. The details of 
the features inside the pit are shown at a higher magnification in Figure 9 (b). The 
average size of these pits was about 45 /im. Since the grain size of the material was 
about 6 fim, it implies that a number of grains were removed in the formation of this 
hemispherical pit. According to the elastic-plastic fracture theory, material removal 
from an impact location occurs by lateral cracks which are nucleated at the erodent-
target contact site. These cracks propagate and terminate at the target surface. This 
enables the material within the damage zone to be separated from the substrate or 
be loosely attached to it. This material removal process can occur independently, 
without the need of the intersection of adjacent lateral cracks. It is believed that 
the hemispherical pits here were produced by a similar process. Furthermore, the 
development of these pits involved the impacts of high-erosivity particles (those with 
high velocity, large size, or contacting target surface at their sharp corners) which 
either travelled in the outer region of the particle stream or diverged from the main 
stream by collision with reflected particles. As may be seen from the erosion crater 
profile, the impact here was not at exactly 90°. The erosion pits were seen in the 
halo zone of erosion crater only. It is possible that such pits were produced all over 
the eroded surface but are not seen in the crater center region because these get 
obliterated by the severe damage caused by a succession of impacts in this region. 
Such pits were also observed in the halo zones of other kinds of aluminas. 
It should be noted that these pits are not necessarily created by a single impact. 
The impact may nucleate an annular or lateral crack which may propagate but not 
necessarily to the target surface. Subsequent impacts would then be needed to com-
Figure 9: 
b 
Hemispherical erosion pits in the halo zone of the erosion crater of ZTA 
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pletely remove material by further propagating the cracks to the outside surface. It 
is also possible that most particles might not even initiate annular or lateral cracks 
upon impacting the target surface because the contact stresses induced in the impact 
location might not be sufficiently high enough to initiate the indentation fracture. 
Erosion Behavior 
The above observations on the mechanisms of material removal support the 
erosion behavior of alumina ceramics in multiple particle impacts. Figure 10 gives 
the erosion rates of alumina ceramics for an impingement velocity of 50 m/s and an 
angle of 90°. It may be seen that single-phase alumina had the highest erosion 
rate and the erosion resistance was enhanced by the presence of secondary phases, 
such as silicate glassy phase and zirconia. It seems that an optimum quantity of 
the secondary phase is beneficial for erosion resistance because with further increase 
in it the degradation in erosion resistance occurred. The erosion behavior depicted 
in Figure 10 is related to the fracture mechanisms involved in the erosion of these 
aluminas. In single-phase alumina, grain boundaries were weak and so served as 
the sites for crack initiation and further provided easypaths for crack propagation. 
The cracks thus developed along grain boundaries and the complete grains were 
removed in erosion thereby resulting in a big loss of material. With the addition of 
an optimum amount of silicate glassy phase or zirconia, the bonding between the 
grains improved so that the impact energy was transferred to neighboring grains 
and a part of the impact energy was absorbed by secondary phases. Now the grain 
boundaries no longer served as the favorite locations for crack nucleation so that 
transgranular cracking occurred. This resulted in chipping and the fragmentation 
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Figure 10: Erosion rate of aluminas at normal impact: velocity 50 m/s, 120 grit SiC 
particles 
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of grains. The cracks formed were not able now to develop fully. There was also 
plastic deformation of ZTA grains. Because of these phenomena, the erosion rate of 
the aluminas with secondary phases was lower than that of the single phase alumina. 
When the secondary phases were increased beyond their optimum values, degradation 
in the mechanical properties of aluminas occurred so that the materials became more 
vulnerable to erosive damage. 
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CONCLUSIONS 
From the single particle and multiple particle impact studies on different kinds 
of aluminas, the following conclusions were drawn: 
A. Single particle impacts 
(1) Intergranular failure was the dominant mode of material removal in single 
phase alumina. Here the cracks were fully developed, the crack density was low, and 
the removal of fragments was complete. 
(2) In the case of alumina containing 4% silicate glassy phase, the material 
removal occurred by transgranular cracking. The crack density here was higher than 
for single phase alumina. While some fragments were removed, others remained 
attached loosely to the crater surface. 
(3) With the increase in glassy phase from 4 to 10% in alumina, the erosion 
features represented a combination of the brittle fracture of alumina grains and the 
plastic deformation of the glassy phase. 
(4) The zirconia particles in ZTA were deformed plastically but some intergran­
ular cracking still occurred. 
B. Multiple particle impacts 
(5) Brittle failure was the predominant mechanism in the erosion of all alumina 
ceramics. There were differences in the morphological features because of the differ­
ences in the compositions and the microstructures of these materials. 
(6) The "flat" zones and the hemispherical erosion pits were the two characteris­
tic features observed in all materials. The flat zones were formed because of material 
deformation under the low-erosivity impact condition while the hemispherical pits 
were produced by severe damage. 
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(7) The classical lateral cracks which are typical of brittle indentation fracture 
were not observed on the eroded surfaces of materials. Instead, the erosion features 
indicated that the mechanisms responsible for material removal were chipping, plow­
ing, condensing, and localized cracking. 
(8) There was localized plastic deformation observed in zirconia-toughened alu­
mina. 
(9) The presence of secondary phases, such as silicate glassy phase and zirconia, 
increased the erosion resistance of alumina ceramics. 
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PART IV. 
EROSION CHARACTERISTICS OF ALUMINA CERAMICS AT 
HIGH TEMPERATURES 
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ABSTRACT 
The elevated temperature erosion behavior of alumina ceramics has been studied. 
There were five kinds of aluminas used in this study, with and without the silicate 
glassy phase and zirconia. The variables studied included temperature variation, 
material composition and microstructure, and impingement velocity and angle. The 
erosion mechanisms were also investigated for both the normal and oblique impacts. 
Erosion experiments were run in a sand-blast type of test rig using 120 grit silicon 
carbide particles. The variation in erosion as a function of temperature is explained 
in terms of the changes in material properties and microstructures. The examination 
of eroded surfaces revealed that the erosion characteristics of aluminas at elevated 
temperatures were significantly different from those at ambient temperature. There 
was plastic deformation occurring on the eroded surfaces at high temperatures and 
shallow impingement angles. The erosion of aluminas at elevated temperatures was 
thus not uniquely governed by the indentation fracture model and new modifications 
and factors needed to be considered. 
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INTRODUCTION 
In recent years there has been increased interest in using ceramics for energy 
production, aerospace and other advanced engineering applications because of their 
chemical stability, relatively high hardness and strength at high temperatures. Above 
some critical high temperature, metallic alloys (which generally cannot sustain con­
tinuously temperatures in excess of 850 °C in the stressed condition) undergo sub­
stantial changes in properties and severe oxidation, both of which dramatically affect 
the life and efficiency of a device. Compared to metals, ceramics are also much less 
prone to damage from corrosive environments. The utilization of ceramics in energy 
production offers improvements in thermal efficiency, avoids the necessity of complex 
cooling system, decreases weight, lowers stresses in rotating components, and allows 
higher thrust-to-weight ratios. If ceramics are to become a reality in these applica­
tions, the problem of high temperature erosion, besides reproducibility, uniformity 
and reliability, must be solved, since many applications for ceramics involve erosive 
environments. The typical examples of such potential applications are the key com­
ponents in the hot section of a gas turbine engine such as blades, nozzle guide vanes, 
shroud rings, reheater and combustor components. 
The two elastic-plastic fracture models, namely, the quasi-static and the dy­
namic, have been used to explain the erosion of ceramics [1-8]. It was reported 
that the indentation model predicted well the impact damage in glass [9] and small 
grain size hot-pressed silicon nitride [10], but not in large grain size sintered alu­
mina [11]. Ritter et al. [12] also reported that the erosion damage in soda-lime 
glass could be modeled by the indentation fracture mechanics, but the latter could 
not account for the erosion of sintered alumina. This shortcoming was attributed to 
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the microstructural aspects of erosion damage that were not modeled by indentation 
fracture. Wiederhorn and Hockey [13] examined the erosion data for a variety of 
ceramics in the light of these two theories. Although a semi-quantitative agreement 
of the data with the theories was obtained, some discrepancies were apparent. In 
particular, the dependence of erosion rate on hardness and critical stress intensity 
factor was greater than that predicted by either of the two theories. Therefore, more 
work needs to be done so that additional factors may be introduced in the modeling 
of the erosion of aluminas. 
A number of workers [8, 14-15] studied the microfeatures of erosion. They could 
not find the radial cracks propagating out of erosion pits, which was contrary to the 
expectation based on the indentation model. Ritter et al. [10] found that the impact 
damage by SiC particles at room temperature in fine-grained high-and low-purity 
alumina was characterized by the formation of lateral and radial cracks. Yust and 
Grouse [16] observed that the erosion damage in bricks, castable alumina and mullite 
refractories at room temperature and at 470 °C was a combination of brittle fracture 
and plastic shear. 
As for the operational parameters of erosion, it was found [1, 13] that, in general, 
the erosion rate of ceramics did not vary appreciably with temperature, and that the 
effect of temperature was larger at shallower impact angles. On the other hand, some 
studies showed that temperature had a significant influence on erosion rate [1]. It 
was observed [11] that the angle for maximum erosion in the case of sintered alumina 
decreased from 90° at 23°C to 45° at 1000°C. These observations indicate that more 
work is needed to develop an understanding of the role of temperature in erosion. 
Morrison and Routbort [17] reported that for impingement angle a > 15° only the 
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normal component of velocity had to be considered since brittle fracture was the main 
mechanism, but for smaller values of a there was evidence of plasticity as observed 
in the erosion of mullite (3.4^2Og • 2Si02 with approximately 12% glass phase). 
It is normally accepted that for brittle materials, such as ceramics, maximum 
erosion occurs at normal impact (90° impact) and for ductile materials at shallow 
impact angles. It was also reported [18] that brittle materials might show a ductile 
signature as the erodent particle size was decreased. 
Since alumina is one of the most versatile refractory ceramic oxides, it finds 
many applications. Because of its great potential in engineering applications, a good 
understanding of the high-temperature erosion behavior of alumina ceramic is desired. 
The present work is a continuation of our earlier work [19] on the erosion of alumina, 
and involves the investigation of the erosion behavior in terms of the changes in 
temperature and composition along with other factors. 
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EXPERIMENTAL DETAILS 
.4/2Og is a chemically inert material which is stable up to its melting point of 
2050 °C, and has a high Young's modulus of elasticity of 400 GNjm?' [21]. There 
were five kinds of aluminas used in this study. Their compositions and designations 
are given in Table 1. Table 2 lists some mechanical properties of the aluminas. The 
microstructures of these materials were described in our earlier paper [19]. All of 
these materials were ball-miUed with water, spray dried, and pressed in a steel die 
at 82.5 MPa and sintered at 1550 °C for 2 hours. The specimens were polished with 
diamond paste and lapping oil to remove surface contaminations and surface flaws. 
Erosion experiments were run in a vertical sand-blast high temperature erosion 
test rig whose details were reported elsewhere [20]. The test temperatures were 25, 
200, 400, 500, 650 and 800 °C. SiC particles in grit size 120 (average diameter 151 
(im) were used as the erodents. These were accelerated in air and their concentration 
in the fluid stream was 0.0066 gfmm^s. Most experiments were performed at an 
impingement velocity of 50 m/s. A number of velocities in the range of 40 to 90 m/s 
were used to study the effect of changes in the dynamic energy of impact particles on 
erosion. The impingement angles were varied from 10° to 90° in order to study the 
dependence of erosion rate on impact angle. Most erosion experiments were carried 
out at an impingement angle of 90° because maximum erosion in brittle materials 
occurs under normal impact. The duration of each test was 70 minutes with a total 
of 250 g particles impacted. 
The features of the eroded surfaces and the substrates'were examined by scanning 
electron microscopy. The scratch tests were also performed with the objective of 
understanding the mechanisms involved in erosion. 
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Table 1: Compositions and mean grain sizes of alumina ceramics 
Manufacturer Composition Mean grain Designation 
code® size { f i m )  used here 
2140 • 90% alumina + 7.6 AllOSi 
10% silicate glassy phase 
6928 96% alumina + 6.2 A14Si 
4% silicate glassy phase 
M-RCHP-4PD 99.5% alumina 8.0 A1 
6935 zirconia-toughened alumina 6.0 ZTA4Si 
+ 4% silicate glassy phase 
ZTA-GF-A zirconia-toughened alumina 6.0 ZTA 
®Champion Spark Plug Company, Detroit, Michigan. 
Table 2: Mechanical properties of alumina ceramics 
A1 ZTA ZTA4S1 A14Si AllOSi 
Hardness, VHN 1,710 1,610 1,260 1,660 1,250 
Fracture toughness, MPa-y/m 4.0 5.5 5.5 4.1 3.9 
Modulus of elasticity, MPa 344,740 289,580 289,580 303,370 268,900 
Compressive strength, MPa 2,758 2,900 2,900 2,620 2,410 
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RESULTS AND DISCUSSION 
Variation of Erosion 
Temperature Erosion experiments were performed at six different tempera­
tures and under normal impact condition. The variation of erosion rate with temper­
ature for five kinds of aluminas is shown in Figure 1. Here erosion rate was calculated 
by dividing the total mass loss of target material by the total mass of erodent par­
ticles impacted. From this figure, several general trends can be observed. For most 
aluminas, erosion rates are almost unaffected by the changes in temperature from 
ambient to 400 °C. The effect of temperature on erosion is significant above 400 °C 
and the rate of increase in erosion rate is greater at higher temperatures. For the 
three aluminas ( A14Si, AllOSi and ZTA4Si) containing silicate glassy phase, there is 
a slight drop in erosion rate at 200 °C. In general, it can be concluded that erosion 
rate is affected very little by temperature below 400 °C, and above that it increases 
with increasing temperature. The erosion rate at 800 °C is 1.7 - 2.2 times that at 
room temperature. It is further noted that the erosion rate of single phase alumina 
is the highest whereas that of alumina with 4% silicate glassy phase is the lowest. 
Based on the elastic-plastic theory, the theoretical model proposed [2, 18] for the 
erosion of brittle materials at normal impact is 
ê a V'^D'^p^ K I H ^  
where ê is erosion rate, V, D and p  are the particle velocity, diameter and density, and 
Kc and H the fracture toughness and hardness of the target material, respectively. 
Here, the exponent p has a negative value. In agreement with this, our study on 
the erosion of aluminas at room temperature also showed that erosion resistance 
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Figure 1; Variation of erosion rate as a function of temperature at normal impact 
(velocity: 50 m/s) 
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Table 3: Tensile strength of sintered alumina [24] 
Temperature °C Tensile Temperature °C Tensile 
strength, MPa strength, MPa 
20 259.87 1200 127.49 
300 251.05 1300 44.13 
800 235.36 1400 29.42 
1050 233.40 1460 10.79 
1130 216.73 
increased with the increase in hardness [19]. It should thus be possible to examine 
the variation of erosion rate with temperature in terms of the changes in the relevant 
properties with temperature. 
It has been found [23] that the yield strength of alumina drops with increasing 
temperature to quite a marked degree. This drop in hardness with temperature 
occurs even more rapidly. The decline in strength is more if a substantial amount 
of glassy phase is present. Table 3 gives the variation of the tensile strength of 98% 
sintered alumina with temperature. It shows a modest drop in tensile strength up to 
1130 °C and after that the drop occurs rapidly. With the presence of glassy phase in 
alumina, the drop in strength will occur at much lower temperature because of the 
softening of secondary phase. In the long-term (as would be the case in practice), 
subcritical crack growth is enhanced by increased temperature, and the decline in 
strength is more significant than it is in short-term. The impact strength of sintered 
alumina also decreases slightly with increasing temperature and falls sharply after 
800 °C [23]. Since the decrease in the hardness and the strength of aluminas with 
temperature will lead to the increased penetration of particles on impact, surface 
damage, enhanced subcritical crack growth etc., the erosion resistance will also be 
decreased, as observed in Figure 1. 
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According to the erosion equation presented above, erosion resistance increases 
with increased fracture toughness. Whereas erosion at room temperature under nor­
mal impact condition involves damage by brittle mechanisms, there is evidence of 
plasticity in erosion as the temperature is increased. Thus, although brittle fracture 
is still operative, more ductile fracture mechanisms will be involved with increas­
ing temperature. When heated to a temperature high enough, alumina undergoes a 
progressive increase in plastic deformability and approaches the plastic behavior of 
metals at room temperature [22]. For aluminas which contain glassy phase at grain 
boundaries, the change from brittle to semiplastic behavior occurs at lower temper­
atures. For instance, sintered alumina eroded by 46 grit SiC particles was reported 
[11] to undergo the transition in maximum erosion rate from an impingement angle 
of 90° at 23 °C to 45° at 1000 °C. This observation indicates that the above change 
occurred because brittle erosion at 23 °C changed to ductile erosion at 1000 °C. The 
enhanced dislocation activity and other plastic flow characteristics are specially pro­
moted at shallow impact angles. From the above observations, it was concluded that 
the role of brittle cracking and, therefore, fracture toughness will not be significant 
at high temperatures. 
It was reported by some workers [1, 13] that the change in temperature had 
a marginal effect on erosion rate. This conclusion was derived from the compari­
son of erosion data at 1000 °C with that at room temperature or at low-medium 
temperatures. As seen from our results in Figure 1, this is not universally true. It 
is possible that in some materials there is no significant change in erosion rate due 
to the considerable improvement in ductility which competes with the decrease in 
strength/hardness of material. It should be noted in this context that enhanced due-
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tility tends to lessen the concentration of stresses around the vicinity of cracks and 
other defects and thus reduces erosion while decreased strength results in increased 
erosion. 
It is possible to explain the erosion rate of various alumina compositions in 
terms of their microstructures. From Figure 1 it is seen that the aluminas with 
secondary phase and zirconia are more erosion-resistant than pure alumina at all 
temperatures. This is so because the mechanical properties and the microstructures 
of aluminas are changed beneficially by the addition of these phases. For example, 
the presence of zirconia in alumina enhances its compressive and flexural strengths 
and fracture toughness which contribute to increased erosion resistance. For those 
two aluminas with silicate glassy phase (A14Si and AllOSi), the presence of glassy 
phase at grain boundaries makes these regions less prone to brittle cracking both at 
room and elevated temperatures. 
The impurities initially dissolved in alumina tend to migrate to grain boundaries 
during the periods of grain growth in firing and subsequent cooling [22]. Then, 
there are grain boundary regions in which the lattices from adjacent grains do not 
match because of different orientations of the neighboring grains and are, therefore, 
subject to internal stresses. The contaminated and stressed grain boundaries make 
single phase alumina weak and prone to damage by external impacts, because these 
provide easy paths for crack propagation. In contrast to that, with the presence of 
glassy phase along grain boundaries or the uniform distribution of zirconia particles 
between alumina grains, a new kind of "boundary" is formed. The glassy phase 
and/or zirconia particles provide relief from external impacts by either transferring 
load to neighboring grains or consuming a part of impact energy by stress-induced 
141 
toughening. The glassy phase may also improve ductility at elevated temperatures. 
By comparison, almost all of the impact energy in single phase alumina is consumed 
by brittle crack initiation and propagation because there is much less resistance to 
cracking. 
It is also seen from Figure 1 that the erosion rate of alumina containing 4% 
silicate glassy phase is lower at all temperatures than that with 10% silicate glassy 
phase. This could be so because with the increased percentage of glassy phase the 
deterioration in strength occurs. It is possible that there is an optimum percentage 
of glassy phase for maximum erosion resistance. The lower erosion resistance of the 
higher percentage glassy phase alumina is attributable to the presence of a substantial 
amount of glassy phase which causes deterioration in the strength of alumina. 
Impact velocity The variation of erosion rate ê with particle impact velocity 
V for materials is found to be of the form, e oc V^. This dependence was studied for 
A14Si at 650 °C and in normal impact condition, and the results are plotted in Figure 
2. From the straight line behavior on log-log scale, the velocity exponent of 1.6 was 
determined. This value is lower than 2.6 that was obtained for room temperature 
erosion [19]. The velocity exponent n has also been reported to decrease with the 
increase in particle size [1, 24-26]. The decrease here was attributed to the heating 
effects associated with large particle impacts. The external heating, as in our case, 
would also thus be expected to reduce the value of the exponent. 
The decrease in the value of n for A14Si at the elevated temperature is attributed 
to the dissipation of impact energy by the secondary glassy phase. At high tempera­
tures, the secondary glassy phase softens and so undergoes more plastic deformation 
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Figure 2: Variation of erosion rate as a function of impingement velocity at 650°C 
and normal impact 
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upon external impacts. This results in the dissipation of impact energy, and the 
higher the impact energy, the more energy is absorbed. Some of this energy is con­
sumed in the form of internal friction. Generally, the effect of internal friction is small 
below 900 °C for high-purity alumina, because the plasticity of individual grains is 
not significant in this temperature range. But for aluminas containing secondary 
glassy phase, the internal friction effect will be significant at much lower tempera­
tures. For instance, 95% alumina showed significant internal friction above 400 C, 
with the damping rising rapidly beyond TOO °C, and 88% alumina showed a high 
level of damping even at temperatures between 200 °C and 400 °C [23]. It is the 
viscous nature of the secondary glassy phase at elevated temperatures that serves as 
the main contributor to internal friction, which is evident at all frequencies. It should 
be recognized that the loading in erosion is a cyclic loading and unloading process at 
the point of impact where the target surface layer undergoes localized stress-release 
cycle, similar to the case of low cycle fatigue. 
Impingement angle Considering the brittle character of ceramic materials, 
maximum erosion rate would be expected to occur at normal impact. This was indeed 
found to be the case for room temperature erosion [19]. The dependence of erosion 
on impingement angle was examined in this work for Al4Si at 650 °C and at an 
impact velocity of 50 m/s. The plot in Figure 3 shows that even at 650 °C erosion 
rate peaks at 90°. This indicates the dominance of the brittle fracture mechanism 
in the erosion of the material at as high a temperature as 650 °C. With increased 
temperature the brittle fracture in erosion is likely to be reduced, particularly so in 
the presence of secondary phases. In that case, maximum erosion would occur at 
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lower impact angles. 
The material removal mechanism is strongly affected by impact angle. It changes 
from brittle to ductile especially at shallow impact angles. This is revealed by the 
microtopography of impact damaged surfaces and will be discussed later. 
Erosion Mechanisms 
Normal impacts Figures 4 (a) and (b) show the surface features of A14Si 
eroded at 800 °C at an impingement angle of 90° and a velocity of 50 m/s, while 
Figure 4(c) shows the features for room temperature erosion under the same con­
ditions. There are distinct differences between the microfeatures of the two cases. 
The morphology of the surface eroded at room temperature is typical of brittle failure 
where material is chipped mainly along grain boundaries. The features corresponding 
to 800 °C indicate plastic deformation as well as brittle failure. Figure 4 (a) shows 
that an erodent particle penetrated deeply into the substrate. There are no cracks 
and the surrounding material has undergone severe plastic deformation. After the 
alumina grain was chipped away, the material left in its location seems to be the sil­
icate glassy phase in plastically deformed condition. Some morphological differences 
can also be seen in the halo zone of the erosion crater formed at 800°, as shown in 
Figure 4 (d). The damaged surface gives an appearance of localized rounded features 
and there is some evidence of plowing. In contrast to this, the halo zone for erosion 
at room temperature was reported earlier [19] to be jagged and faceted, giving an 
appearance of brittle fracture. 
The morphological features of pure alumina(Al) eroded at 800 °C and shown 
in Figure 5 are different from those described above. At room temperature, the 
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Figure 3: Variation of erosion rate as a function of impingement angle at 650^^0 and 
impingement velocity 50 m/s 
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Figure 4: SEM micrographs of A14Si surfaces eroded at normal impingement angle 
and at (a) 800°C, (b) 800°C, (c) 25°C, and (d) 800°C, halo zone 
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Figure 4 (Continued) 
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Figure 5: SEM micrographs of single phase alumina Al surfaces (for two locations) 
eroded at 800°C at normal impact angle 
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microstructural features of Al for room temperature erosion were basically the same 
as those of A14Si, with only brittle failure being operative [19]. In case of erosion at 
800 °C, unlike A14Si, single phase alumina showed hardly any plastic deformation 
except for some traces of it, as indicated by an arrow in Figure 5 (a). This lack of 
plastic deformation is due to the higher hardness and brittleness of A1 and its better 
ability to retain high hardness at elevated temperatures than the other aluminas with 
secondary phases. Figure 6 gives the cross-sectional view of the damaged substrate 
of single phase alumina eroded at 800 °C and normal impact. Here an erosion pit 
was formed by the loss of a single or perhaps a couple of grains due to intergranular 
cracking or chipping. The arrow points to a crack located a few microns below the 
surface, which seems to propagate along a grain boundary. Subsequent impacts would 
contribute to further growth of the crack so that more grains would be lost. 
In ZTA the alumina grains are completely surrounded by smaller size zirconia 
particles. These particles significantly influenced the morphology of eroded surface, 
as shown in Figure 7. Figure 7 (a) shows severe plastic shear deformation produced 
by the sliding action of erodent particles, which is a characteristic feature of ductile 
metal erosion. Figure 7 (b) shows an erosion pit formed by an impacted particle 
which is surrounded by the material deformed plastically, as indicated by an arrow. 
The features of this plastically deformed material are very fine. The morphological 
features in the micrographs in Figure 7 may be identified as: the faceted grains of 
relatively large size, and the severely deformed domains with fine features. These two 
features provide the appearance of typical brittle and plastic behaviors, respectively. 
Referring to the microstructure of this material, it was concluded that the faceted 
grains were produced by brittle erosion causing exposure of alumina grains and the 
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Figure 6: Cross-sectional views of the erosion crater of single phase alumina A1 
eroded at 800°C and at normal angle 
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Figure 7: SEM micrographs of ZTA surface from two locations eroded at 800°C and 
at normal impact angle 
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deformed domains by the plastic deformation of zirconia particles. 
In the case of AllOSi, the glassy phase was softened in erosion at 800 °C, as shown 
in Figure 8. As such, the glassy material was plastically deformed and condensed by 
external impacts. It covered most of the area so that alumina grains beneath it could 
barely be seen. 
The morphology of the eroded surface of ZTA4Si exhibited the characteristic 
erosion features of both A14Si and ZTA, as shown in Figure 9. Here an embedded 
particle is seen to have cut deeply into the substrate, comprised mostly of glassy 
phase or zirconia particles, and fine fragments of the deformed material are formed 
as seen in Figure 9 (a). Figure 9 (b) shows a domain formed by plastic shear in the 
glassy phase or zirconia region. 
From the above discussion, it is obvious that the morphology of aluminas eroded 
at elevated temperatures provided sufficient evidence of plastic deformation accom­
panied by brittle fracture failure. This is in profound contrast to the evidence of 
room temperature erosion where only brittle fracture mechanism seemed to work. It 
thus implies that the erosion behavior of aluminas at elevated temperatures would 
no longer be uniquely governed by the indentation fracture model. Therefore, modi­
fications to the model or additional factors need to be considered. 
Oblique impacts The effect of impingement angle on the erosion mechanism 
was also investigated. Figure 10 shows the surface of A14Si eroded at 650 °C and at 
an impingement angle of 10°. Figure 10 (a) provides an overall view of the erosion 
damaged area in which numerous extended stringers or grooves running along the 
particle impact direction (from top to bottom) can be seen. These stringers were 
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Figure 8: SEM micrograph of AllOSi surfaces eroded at 800°C and at normal impact 
angle 
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Figure 9: SEM micrograph of ZTA4Si surfaces eroded at 800°C and at normal im­
pact angle 
1Ô5 
Figure 10: Microfeatures of A14Si eroded at 650°C and at an impingement angle of 
c 
Figure 10 (Continued) 
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created by the rubbing, extrusion, ploughing and cutting actions of the impact par­
ticles and are typical of ductile erosion. There is also an evidence of brittle cracking 
which finally led to the fragmentation of material. The morphological features here 
are quite different from those seen at normal impacts in Figures 4 to 9 at comparable 
magnifications. The details of plastic deformation can be seen in Figure 10 (b) where 
a particle cut deeply into the substrate. It produced severe plastic deformation and 
a groove with smooth bottom. This kind of plowing action is typically observed in 
the ductile erosion of metals. The other areas in Figure 10 (b) show brittle-fracture 
features. This kind of combined ductile and brittle features are also seen in Figure 
10 (c). Here, in the right part of the micrograph, particles rubbed on the surface 
producing plastic shearing and forming rub bands. On the left side, an erosion pit 
was formed by cracking. Since, at the shallow impact angle of 10°, the contact of 
erodent particles with target surface contributed mainly to plowing and very little to 
brittle cracking, the erosion at this impact angle is quite low, as seen in Figure 1. 
In order to observe the response of alumina materials to the external loading 
action of the sharp edge of an impacting particle, scratch tests at room temperature 
were performed. Here a diamond stylus under a load of 70 g was traversed over 
the polished surfaces of single phase alumina, A14Si and ZTA. Figure 11 shows that 
the penetration of diamond stylus was very shallow because of the low load and 
high hardness of the materials. In all cases, the substrate underwent plastic shear 
deformation so that smooth bands were formed but the band edges were fractured 
by brittle mode. The debris resulting from this brittle failure is seen scattered along 
the sides of the scratch bands. The failure of the edges occurred due to induced 
tensile stresses. This behavior is different from the case of ductile erosion where 
b 
Figure 11: Scratches made by diamond stylus on: (a) A14Si; (b) single phase alu­
mina Al; (c) ZTA 
c 
Figure 11 (Continued) 
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the rubbing action of particle usually does not cause direct material loss. There are 
also lots of cracks seen along the boundaries of the groove which would contribute 
to fragmentation during subsequent rubbing. The rub band features of ZTA are 
somewhat different. Here many stringers are extended along the scratch band, which 
is an indication of more ductile deformation. The latter occurs because of the presence 
of zirconia particles which deform more easily. Since scratching simulates partially 
the particle action in oblique impact, the shear deformation as observed here would 
be expected in oblique erosion as well. The amount of plastic deformation will be 
much less in actual erosion because of the dynamic impact of particles as opposed to 
the smooth sliding action of a stylus. 
When the impact angle was increased to 20°, the plowing features changed, as 
seen in Figure 12. Figure 12 (b) shows a rub band formed by plastic shear and the 
arrow points to a slip band. The material was lost here at the end of the rub band 
so that a pit is created. The smooth surface of the bottom of the pit indicates that 
the "bulk" material was separated from the substrate by grain boundary cracking. 
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b 
Figure 12: Microfeatures of A14Si eroded at an impingement angle of 20° and at 
650°C 
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CONCLUSIONS 
From the erosion studies on alumina ceramics, the following conclusions were 
drawn: 
(1) Erosion rate was not much affected by temperature below 400 °C, but above 
this temperature it increased with increasing temperature resulting in a larger in­
crease in erosion rate at 800 °C. 
(2) The aluminas containing silicate glassy phase and zirconia were more resistant 
to erosion than single phase alumina at all temperatures. 
(3) The erosion rate at 650°C peaked at an impingement angle of 90° which 
indicates the dominance of brittle failure in the erosion process. 
(4) Erosion rate é varies with velocity V according to the relationship è oc 
where the exponent n for high temperature is lower than that for room temperature. 
(5) Along with erosion rate, the mechanism of erosion also depended upon the 
impingement angle. At shallower impact angles, there was evidence of more plastic 
deformation than under normal impact condition. 
(6) At elevated temperatures and under normal impacts, there was evidence 
of plastic deformation on the eroded surface of single phase alumina as opposed to 
mostly brittle fracture at room temperature. The amount of plastic deformation was 
considerably more in the case of aluminas with silicate glassy phase and zirconia. 
(7) Aluminas can undergo plastic deformation even at room temperature during 
plowing. Scratch tests exhibited plastic shear deformation on the groove surfaces 
accompanied by brittle failure of the groove edges. 
(8) The erosion conditions, as used in this work, did not produce classical inden­
tation fracture. The likelihood of such a fracture is much less at elevated tempera­
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tures because of the evidence of ductile fracture mechanisms. As such, the erosion 
behavior of aluminas at elevated temperatures will not be uniquely governed by the 
indentation fracture model. 
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PART V. 
EROSION-CORROSION OF TI-6AL-4V IN ELEVATED 
TEMPERATURE AIR ENVIRONMENT 
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ABSTRACT 
The erosion-corrosion behavior of Ti-6A1-4V exposed to air environment up to 
800°C has been studied. Erosion experiments were performed in a sand-blast type of 
test rig at eight different temperatures. The specimens were heat treated by anneal­
ing and solution treating and aging. The target specimens were eroded with 120 grit 
silicon carbide particles at impact velocities from 55 to 110 m/s and impingement 
angles from 10° to 90°. The oxidation behavior was studied by scanning electron mi­
croscopy and X-ray diffraction, and the deformation characteristics of oxide scales by 
static indentation tests. The morphological features of eroded surfaces were studied 
by scanning electron microscopy. It was found that erosion rate increased with tem­
perature from 200 ° to 800°C where the increase in erosion rate with temperature was 
fairly rapid from 650 ° to 800 °C. Oxidation was also fairly high in this temperature 
range and the interaction between erosion and corrosion was quite significant. 
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INTRODUCTION 
Titanium alloys are inferior to heat-resistant alloys such as stainless steels and 
superalloys for very high temperature applications. Because of their high strength-
to-weight ratio and good oxidation resistance, these alloys are very attractive for 
medium high temperature situations. Since these are widely used in the industries in 
which elevated temperature erosive environment is often involved, the investigation of 
their high temperature erosion-corrosion behavior is of a great practical significance. 
Of all the titanium alloys, Ti-6A1-4V is the most widely used in practice. It is even 
being considered for the blading section of steam turbines, aircraft turbines and 
engine compressors. Its current use in the low pressure stages of gas turbines makes 
it vulnerable to degradation by the high velocity impacts of ingested sand. 
The erosion behavior of Ti-6A1-4V at room temperature has been investigated 
by a few workers [1-4]. The work relating its erosion behavior with its microstructure 
and mechanical properties has shown that its erosion rate increases on aging due to 
the precipitation of jS phase and ag particles and decreases with overaging due to 
the agglomeration of these precipitates [1]. As for mechanical properties, erosion rate 
increases with the increase in yield and ultimate strengths and with the decrease in 
percent area reduction [1]. Emiliani and Brown [3] studied the erosion of this alloy by 
impacting 210 //m diameter silica spheres normally to the target surface at a velocity 
of 61 m/s. They reported the development of a smooth protective glassy layer on 
the eroded surface which, they thought, was produced by the thermal softening of 
erodents upon impact. This layer was considered to protect the surface partially from 
erosion because it shielded the surface from direct impacts. 
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There is very little reported on the high temperature erosion behavior of this 
alloy. Gat et al. [5] studied erosion rate as a function of temperature up to 204° C at 
three impingement angles. They found that erosion rate decreased with increasing 
temperature. The decrease in erosion rate was small at the impact angles of 60° 
and 90° but it was much larger at 20°. TabakofF [6] measured the erosion of this 
alloy by varying temperatures from 16 ° to 704°C, impingement angles from 5° to 
90° and impact velocities from 60 to about 300 m/s. It was found that erosion rate 
increased with the increase in temperature at all velocities, and maximum erosion 
rate occurred at the impingement angle of 30° at all temperatures. The reasons for 
these changes were not examined and the erosion mechanisms were not studied. 
The present work is an extension of the above studies. It looks specifically at 
the mechanisms of high temperature erosion-corrosion and the interaction between 
erosion and corrosion in Ti-6A1-4V. 
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EXPERIMENTAL 
The target material Ti-6A1-4V was used in this study under two heat treatment 
conditions: solution treated and aged and annealed. The former treatment was done 
by holding the specimens at 940°C for 1 hour and followed by water quenching, and 
then aging at 480°C for 4 hours and followed by air cooling. The annealing was 
carried out by holding the specimens at 770°C for 3 1/2 hours and followed by air 
cooling. 
Erosion-corrosion experiments we're performed in a vertical sand-blast type high 
temperature test rig described elsewhere in detail [7]. The high temperature corrosion-
only experiments were done in the same test facility by using the same air flow rate 
as used in the erosion-corrosion experiments but the erodent particles were missing. 
The carrier gas used for accelerating the erodent particles was also air. 
The test temperatures selected were 25, 100, 200, 400, 500, 650 and 800°C. 
The impingement velocities were varied from 55 to 110 m/s, and the impingement 
angles from 10° to 90°. The erodent material was commercial angular silicon carbide 
particles in 120 grit size. A total of 100 g erodent particles were impacted in 110 
minutes. This gave a mass flow rate of 0.0421 g/mm^s. Erosion rate was calculated 
by dividing the mass loss of the target material by the total mass of erodent particles 
impacted. The repeatablility in erosion data was found to be within ± 15%. 
Scanning electron microscopy and X-ray diffraction techniques were used to ex­
amine the characteristics of oxide films, morphological features, and substrate dam­
age. 
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RESULTS AND DISCUSSIONS 
Erosion 
Among the many variables affecting the erosion behavior of Ti-6A1-4V, temper­
ature is an important factor. Figure 1 shows the erosion behavior of Ti-6A1-4V, in 
both the annealed and the precipitation hardened conditions, as a function of tem­
perature for an impingement velocity of 65 m/s and an impact angle of 30°. For 
the solution treated and aged specimens, the test temperature was limited to 500°C 
because higher temperatures would cause overaging of the specimens. There was no 
significant difference found in the erosion rates of these two differently heat-treated 
specimens. As for the variation of erosion rate with temperature, there are three dis­
tinct ranges of behaviors seen in Figure. In the first range which extends from room 
temperature to about 200°C, erosion rate was insensitive to temperature changes. 
Beyond 200°C erosion rate increased moderately with increasing temperature. In the 
third range which started above 650°C, erosion rate increased rapidly with increasing 
temperature. 
Erosion tests were also carried out on annealed Ti-6A1-4V for the normal impact 
condition while using the same impingement velocity as in Figure 1. These results are 
given in Figure 2. By comparing these two figures, it can be seen that similar ranges 
in terms of the variation of erosion rate with temperature exist for both 30° and 90° 
impact angles. Although the change in erosion rate with temperature below 650°C 
is not great in the case of 90° impingement angle, it does show a moderate increase 
with temperature above 200° C if it is considered that the erosion rate values for 
normal impingement are much lower than those for 30° impingement. The increase 
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Figure 1: Variation of erosion rate with temperature for Ti-6A1-4V: impingement 
angle 30°, impingement velocity 65 m/s 
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Figure 2: Variation of erosion rate with temperature for annealed Ti-6A1-4V at an 
impingement angle of 90° and an impact velocity of 65 m/s 
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in erosion rate above 650°C is much higher for normal impingement than for oblique 
impingement. 
There are two ways in which erosion is influenced by temperature. These are the 
physical and chemical changes. The physical change manifests itself in terms of the 
changes in properties with temperature. Whereas titanium alloys exhibit superior 
stable mechanical properties up to about 550°C, significant changes in mechanical 
properties occur at higher temperatures. This will be expected to affect the high 
temperature erosion behavior of the alloy. Figure 3 shows the tensile properties of 
Ti-6A1-4V as a function of temperature for both the annealed and the precipitation 
hardened conditions where the conditions for the second treatment are close to those 
used in this work. It can be seen that tensile strength decreases as temperature 
increases and at 600°C is about half of that at room temperature. The percent 
elongation initially increases with temperature, shows a distinct drop between 200 
and 400°C, and increases again with further increase in temperature. The erosion 
behaviors shown in Figures 1 and 2 are closely related to these changes in mechanical 
properties. The decrease in the mechanical strength of the alloy makes it less resistant 
to erosion while the increase in ductility contributes to increased erosion resistance 
[7]. The three distinct ranges of behaviors in Figures 1 and 2, as described above 
may be explained in terms of the changes in mechanical properties. In the first range 
from ambient to 200°C, the changes in strength and ductility compete each other 
in affecting the erosion behavior so that erosion rate practically remains unchanged. 
Erosion rate increases in the range 200-400°C because both ductility and tensile 
strength drop with temperature. When the temperature is raised above 650°C, the 
chemical activity of the alloy becomes a predominant factor in controlling the erosion-
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Figure 3: Variations in tensile properties of Ti-6A1-4V with-temperature (a) an­
nealed condition and (b) solution treated for 1 h at 955°C and aged for 
4h at 525° C [15] 
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corrosion behavior. Rapid corrosion and poor properties of the oxide scale formed on 
the specimen surface contribute to accelerated erosion rate in the temperature range 
650- 800°C, as will be analyzed later. 
The effect of impingement angle on erosion rate was investigated by performing 
erosion experiments at 500°C and varying the impingement angles from 10° to 90°. 
As shown in Figure 4, erosion rate peak appeared around 20°. Since the erosion peak 
at room temperature for this material was reported [1] at 30°C, there is a small shift 
in peak to a lower impingement angle at the higher temperature. The erosion rate 
peak in the impingement angle range of 20 to 30° is typical for ductile materials at 
room temperature [8-10]. Similar behavior was also reported [7] for 304 stainless steel 
which exhibited the erosion peak at 30° for room temperature and 20° for 500°C. 
Figure 5 shows the effect of impingement velocity on the erosion rate at 500°C 
and at an impingement angle of 30°. If an exponential relation between erosion rate 
(ê) and velocity (V) of the form é a is assumed, the plot provides the exponent 
value of 1.89. The value of this exponent reported for room temperature is usually 
more than 2 [1, 11]. This indicates that erosion is less sensitive to impingement 
velocity at high temperatures. The change in the value of the exponent noted here 
is consistent with the earlier observations on other materials [9,11,12]. 
Corrosion 
As the test temperature is increased, high temperature corrosion becomes more 
important in the erosion-corrosion process. It has been reported [13] that under some 
conditions corrosion becomes the dominant mechanism in erosion-corrosion. The 
mechanism of high temperature erosion is complicated by the simultaneous occur-
Impingement angle 
Figure 4: Impingement angle dependence of erosion rate at 500°C and an impinge­
ment velocity of 65 m/s 
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Impingement velocity 
Figure 5: Impingement velocity dependence of erosion rate at 500and an im­
pingement angle of 30° 
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rence of corrosion and erosion. This is all the more so because titanium is chemically 
reactive and the chemical activity of Ti-6A1-4V increases with increasing tempera­
ture. As can be seen, oxidation rate is a unique function of temperature and time. 
The thickness of oxide formed alloy layer on this alloy surface during exposure to air 
for different lengths of times and at different temperatures is given in Figure 6 [14]. 
The dependence of the oxidation of this alloy on temperature and time was 
studied by scanning electron microscopy. When exposed for 10 minutes at 650°C, 
the crystallites of oxide barely formed on the titanium specimen surface (Figure 7 
(a)). The crystallite dimensions are fairly tiny indicating that the nucleation and 
growth rates were low at this temperature. With longer exposure over a period of 
110 minutes, the surface was more densely covered by crystallites but the crystallite 
dimensions were still very small. There appears to be a transition from relatively low 
nucleation and growth rates to high ones above 650°C, because with 10 minutes ex­
posure at 800°C the surface was completely covered by crystallites of approximately 
one-tenth micrometer dimension, as shown in Figure 7 (b). These oxide crystals ap­
pear to be cylindrical in shape. Figure 7 (c) shows the surface oxidation features for 
110 minutes exposure at 800°C. The crystallites are stacked in multiple layers and 
have a large scatter in dimensions, varying from a tenth to above one micrometer. 
This indicates that the nucleation and growth of new crystallites and the agglom­
eration of pre-existing crystallites occurred simultaneously. Figure 7 (d) gives the 
cross-sectional view of oxide scale on the above specimen. It shows the multilayer de­
velopment of oxide scale. The thickness of oxide layer, as estimated from this figure, 
is a little less than 1 /zm. 
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Figure 6: Oxide thickness formed on Ti-6A1-4V alloy after various air exposure times 
at several temperatures [14] 
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Figure 7: Oxidation features on Ti-6A1-4V surface after being exposed to air for (a) 
10 minutes at 650°, (b) 10 minutes at 800°C, (c) 110 minutes at 800°. and 
(d) cross-sectional view of specimen oxidized for 110 minutes at 800°C 
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Figure 7 (Continued) 
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The gravimetric oxidation measurements were found to be consistent with the 
above observations. At 500°C the weight"gain was less than l.Ox when 
the specimen was heated for as long as 110 minutes. The weight gains were 1.96 x 
Imnfi at 650°C and 1.96 x 10~^mgfmm^ at 800°C for 10 minutes exposure, 
and 8.48 x 10~^mgfmm^ and 9.79 x 10~^mglmm^ for 70 minutes exposure at 650°C 
and 800°C respectively. 
Though titanium can form TiO, TigOg, Ti^O^, and Ti02 as the thermodynam­
ic ally stable oxides, only Ti02 was detected in the oxide scale by X-ray diffraction 
analysis at 800°C and below. This is supported by Figure 8 which shows the X-ray 
diffraction patterns where the upper line refers to the non-eroded area and the lower 
line to the eroded area. 
Erosion Mechanisms 
The eroded-corroded surfaces of the specimens were examined by scanning elec­
tron microscopy to develop an understanding of the mechanisms involved in both the 
room temperature and elevated temperature erosion. Figure 9 shows surface features 
at the centers of craters of the specimens tested at room temperature, 500°C and 
800°C respectively. It should be noted that the crater surfaces for room tempera­
ture and, to some extent, for 500°C look more rugged overall whereas the surface 
for 800°C exhibits a lot of relatively large, flat and "smooth" band areas and thus 
indicates more ductile deformation. It seems that only the sharp corners of impacting 
particles could effectively penetrate into the substrate and remove material at low 
temperatures. At 800°C even the blunt features of the impacting particles were able 
to embed the surface, thereby establishing contact in large areas, removing consid-
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Figure 8: X-ray diffraction analysis of (a) the non-eroded and (b) the eroded areas of 
Ti-6A1-4V exposed to 800°C for 110 min. Impingement angle for erosion 
30°, impact velocity 65 m/s. 
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arable material, and leaving large, deformed flat band features behind them. 
The difference in surface morphology between the room temperature and high 
temperature erosion can also be observed from the cross-sectional views in Figure 
10. At 800°C the surface of the specimen underwent severe plastic deformation and 
deep pits were produced. Figure 10 (a) shows that an impacting particle cut deeply 
into the substrate at an angle of about 30° to the specimen surface and was stopped 
because of increasing resistance to deeper penetration. The right pit was the first 
to be produced by the impacting particle. It was after this that the pit on the left 
was created by the impact of another particle. As a result of this second impact, 
the material was piled up in front of the first pit and provided the surface contour 
as shown. The severely deformed ridge of the material between the two pits was 
probably removed during subsequent impacts. By comparison the depths of the pits 
produced in room temperature erosion were much shallower as shown in Figure 10 
(b). 
Figure 11 shows the damage features that resulted in the removal of material 
in erosion. Here Figure 11 (a) is the higher magnification photograph of the central 
part of Figure 9 (c). It shows that the impacting particle ploughed through the 
surface resulting in pile-up of material around the groove. This caused severe plastic 
deformation and generated microcracks on the contact surface. It is these microcracks 
that contributed to the separation of material from the substrate. Figure 11 (b) 
shows the details of the central part of Figure 9 (b) at higher magnification. Some 
chips produced by the cutting action of particles along with broken silicon carbide 
particles can be seen here. It seems that these chips could not detach from the 
b 
Figure 9: Surface morphology at the craters center of the specimen eroded at (a) 
25 C, (b) 500°C, and (c) 800°C. Test conditions: 65 m/s velocity. 30'^ 
impingement angle. 
Figure 9 (Continued) 
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Figure 10; Cross-sectional view of the craters formed by erosion at the temperature 
of (a) 800°C; and (b) 25°C. Test conditons same as in Figure 9 
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substrate because of incomplete cutting or because of the blockage resulting from 
particle embedment. 
Besides the cutting, ploughing and sliding actions discussed above, the material 
removal in erosion at high temperatures also occurred by blunt impacting. In this 
case, the impacting particles penetrated deeply into the target surface and material 
loss occurred from the debris generated by fracture under external impacts. The 
material exhibits here both the localized brittle features as indicated by the faceted 
debris and the ductile characteristics as indicated by severe plastic deformation. The 
features of erosion by blunt impacting are shown in Figure 12 where a "deep" pit was 
produced. The pit is surrounded by numerous debris. This kind of action is more 
prevalent in normal impingement, as seen in Figure 13. This process is helped also 
by decreased tensile strength. 
The embedment of erodent particles is a common phenomenon which occurs both 
at room temperature and at elevated temperatures. Figure 14 (a) shows an erodent 
particle in a "large" erosion pit that was produced at room temperature. A large 
number of fragments separated from the target surface are also seen in this figure. 
Figure 14 (b) shows three SiC particles embedded into the surface during erosion at 
500°C. The particle on the left embedded while impacting the surface from top at 
an acute angle, the one on the bottom embedded during normal impact, and that on 
the top-right side plowed a short distance while penetrating deeper into the substrate 
and stopped finally due to the exhaustion of kinetic energy. 
Figure 11: Plastic deformation features in erosion shown at higher magnification 
at the temperature given: (a) 800°C, and (b) 500°. Erosion conditions 
same as in Figure 9 
Figure 12: Features of blunt impacting in erosion. Erosion conditions; 500°C tem­
perature, 65 m/s velocity and 30° impingement angle 
Figure 13: Erosion by blunt impacting angle in 90° impingement at 500°C 
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Figure 14: 
b 
Embedment of erodent particles seen on the surface of Ti-6A1-4V eroded 
at (a) room temperature and (b) 500°C 
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Erosion-Corrosion Interaction 
In order to provide protection to the surface from both the chemical and erosive 
damage, the oxide formed on the surface should have the following properties. It 
should adhere well to the substrate, have reasonable high-temperature elasticity and 
plasticity to resist fracture, be free of tensile stresses, and posses high melting point 
and low diffusion coefficients for metal ions and oxygen. 
As described earlier, below 600°C the oxidation rate of Ti-6A1-4V was low and 
only a thin oxide layer was formed even after a prolonged exposure time (Figure 
7). Such an oxide scale may provide some protection against further corrosion, but 
has negligible effect on erosion resistance because the scale is too thin and sparse. 
The oxidation resistance of titanium in air was very low above 650°C. The oxidation 
rate now followed a parabolic or linear relationship and a thick oxide scale which 
was prone to cracking and rupture due to the undesirable build up of stresses was 
formed. The oxide was formed here accompanied by an increase in volume at the 
metal-scale interface so that severe tensile stresses were induced. This made the oxide 
scale porous and susceptible to cracking. 
The resistance of oxide film to the loading by erodent particles was studied by 
indentation tests. Figure 15 shows an indentation made by a square-base pyramid 
diamond indentor with 50 g load at the surface of a specimen oxidized for 110 min­
utes at 650 °C. Under external compressive deformation, the crystallites of oxide 
plastically deformed to provide a smooth contact surface, but the oxide scale cracked 
along the indentation boundaries. This indicates poor adherence between the ox­
ide and its substrate even during static loading so that oxide scale would be easily 
separated during particle impacts. Similar observations were made from indentation 
11)6 
Figure 15: Plastic deformation and cracking of oxide scale in indentation test. Sur­
face oxidized at 650°C for 110 min prior to indentation with a pyramid 
indentor under 60 g load 
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studies on the specimens exposed to 800° C as well. Severe spalling of oxide scale 
from the specimen surface exposed to 800°C was also noticed during cooling to room 
temperature. Based on these observations, it was concluded that the oxide formed 
at a temperature above 650 °C neither provided protection against corrosion nor 
erosion. Instead, it accelerated the removal of material during erosion because the 
porous oxide due to its poor adhesion to the substrate was easily removed by particle 
impacts. This exposed the fresh material to air which was rapidly oxidized because 
of its high oxidation rate. Therefore, corrosion accelerated erosion and erosion ac­
celerated corrosion, because corrosion always occurred at the high initial rate. This 
process went round and round so that more and more material was wasted by the 
combined erosion-corrosion action. This is why erosion rate dramatically increased 
between 650-800°C when oxidation occurred at a rapid rate. This is what was basi­
cally responsible for the third range in Figures 1 and 2. The increase in erosion rate 
in the third range was higher in normal impacts than in 30° impacts because the 
oxide scale was more efficiently removed by spalling under normal impacts than by 
cutting under oblique impacts. 
Figure 16 (a) shows how the oxide scale was displaced by an erodent particle 
which impacted in the direction of the arrow. It produced a pile up of the oxide scale 
as confirmed by the elemental mapping in Figure 16 (b). The undisturbed oxygen 
film can also be seen in this figure. 
Figure 16: (a) Oxide scale displacement and pile-up, and (b) elemental mapping of 
the area in (a). Arrow shows the direction of particle impact (Tempera­
ture: 800°C) 
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CONCLUSIONS 
From the erosion-corrosion studies on Ti-6A1-4V in high temperature air envi­
ronment up to 800°C, the following conclusions were drawn: 
1. There was no change in erosion rate with temperature up to 200°C. Erosion 
rate increased moderately with temperature up to 650° C and significantly from 650 
to 800°C. 
2. Erosion rates were the same for both of the heat treatment, conditions which 
were namely, annealing, and solution treating and aging. 
3. The variation of erosion rate with temperature for normal impingement was 
similar to that for 30° impingement, but the increase in erosion rate between 650 and 
800°C occurred more rapidly under normal impact condition. The latter was due to 
the spalling character of oxide scales. 
4. It was possible to relate the changes in erosion rate with temperature with 
the changes in mechanical properties, oxidation rate, and oxide scale deformation 
behavior. 
5. Erosion rate (ê) varied with impingement velocity (V) according to the rela­
tionship é oc F™ where the exponent n was equal to 1.89 for 500°C as compared to 
2.35 for room temperature. 
6. The mechanisms of elevated temperature erosion were cutting, ploughing, the 
fragmentation of material by blunt impacting, and the spalling of oxide layers. 
7. The oxidation of the alloy occurred at a high rate was rapid above 650°C. 
The oxide scale formed was poor in adherence and prone to fracture upon impact. 
The rapid increase in erosion rate between 650 to 800°C was partly because of these 
oxide scale characteristics. 
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GENERAL SUMMARY 
The phenomenon of erosion gets fairly complicated at high temperatures because 
of the changes in target material properties, and microstructure, and the interaction 
between erosion and corrosion. These studies revealed that the material loss rate 
due to solid particle impacts increased with the increase in temperature for all ma­
terials but the increase was negligibly small in the initial stages of temperature rise. 
Beyond a certain temperature, which depended upon the material, the increase in 
erosion was more significant and became even greater with further increase in tem­
perature. This behavior could be explained in terms of the changes in mechanical 
properties, mainly the strength and ductility of the materials, as well as the changes 
in microstructure. In the case of Ti-6A1-4V, the additional factor responsible for 
increased erosion was rapid corrosion at elevated temperatures. The strength of all 
materials decrease with the increase in temperature. This was partly responsible for 
increasing erosion at high temperatures. Microstructural changes also occurred and 
these changes were accelerated in the presence of stress. For instance, in stainless 
steels These changes induced the precipitation and formation of a brittle "network" 
along the grain boundaries which degraded the erosion resistance of the materials. 
In this work, both ductile and brittle materials were studied. The stainless steels 
and Ti-6A1-4V were ductile materials while alumina ceramics a into the category of 
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brittle materials. The fracture processes in high temperature erosion did not follow 
this ideal classification. The typical ductile materials such as stainless steels showed 
localized brittleness because of the formation of a brittle network due to precipitation 
which occurred along the grain boundaries. Similarly, the typical brittle alumina 
ceramics exhibited plastic deformation in solid particle impacts which was increased 
in the presence of secondary phases. The mechanism of erosion also changed with 
the change in impingement angle. 
The maximum in material loss rate occurred in the impingement angle range of 
20° ~ 30° for 304 stainless steel and Ti-6A1-4V irrespective of the temperature. A 
slight shift in the peak from 30° at room temperature to 20° at elevated temperature 
was observed. For alumina ceramics impacted at 650°C, the peak in erosion rate 
occurred at 90° which is typical for brittle materials under room temperature erosion 
condition. This indicated that the brittle mechanism was still in effect at 650°C. 
Erosion rate e was found to be less sensitive to impingement velocity V at high 
temperatures. The value of the exponent n at high temperatures in the relationship 
ê oc was found to be lower than at room temperature for all the materials studied 
in this work. The increased ductility and decreased strength at high temperature 
could basically account for this change. 
Erodent concentration was found to be a more important factor in affecting 
erosion at high temperature than at room temperature. This has been explained in 
terms of several phenomena such as the interaction between impingement particles 
and target material, lower critical erosivity at high temperatures, the time available 
for oxidation, the mechanisms responsible for material removal, and the intercollision 
between particles. Another parameter that affected erosion was the particle size. It 
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was observed that fine particles were less erosive than coarse particles under the same 
impingement conditions. 
Because of the excellent heat resistance of the materials studied, oxidation did 
not become fairly profound up to 800°C except in the case of Ti-6A1-4V. It was 
only at 800° C that some significant interactions between erosion and corrosion could 
be observed in stainless steels. The observations from the dynamic impact and the 
scratch tests revealed that the oxide scale formed on surfaces of these alloys was 
strong and pliable and had excellent adherence to the substrate. While such oxide 
scales prevented the surface from further corrosion, they also provided protection to 
the substrate from erosion attack. On the other hand, oxidation was enhanced by 
erosion damage. In the case of Ti-6A1-4V, which had limited oxidation resistance 
above 650°C, the oxide scale formed did not adhere well to the substrate and was 
therefore, prone to fracture upon impact. This partially accounted for the rapid 
increase in erosion rate in the temperature range 600 to 800°C. 
The eroded surface morphology also changed with test temperature. The mor­
phological features showed that at high temperatures the surface material underwent 
severe plastic deformation. Upon solid particle impact, the grain boundaries in the 
substrate were severely deformed and slip bands could be seen. The surface morphol­
ogy depended strongly upon the impingement angle in the case of alumina ceramics: 
it provided typical brittle fracture characteristics under normal impingement and 
showed plenty of plastic deformation features under oblique impingement. 
The failure mechanisms in alumina ceramics were greatly affected by their com­
position and microstructure. The intergranular failure was dominant in single phase 
alumina, and fully developed cracks which led to the complete removal of fragments 
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were observed. In the case of alumina containing 4% silicate glassy phase, trans-
granular cracking was the main failure mechanism. The crack density in this case 
was and plenty of fragments loosely attached to the substrate could be seen. The 
multi-phase aluminas, containing either glassy phase, or zirconia or both, were more 
resistant to erosion than single phase alumina at all temperatures. But the presence 
of substantial amounts of glassy phase degraded mechanical properties and acceler­
ated the erosion rate. Under the conditions used in the present work, the particles 
on impact did not create classical lateral cracks which are the basis for brittle in­
dentation fracture model. Since at elevated temperatures the ductile mechanisms of 
erosion were involved, the erosion behavior of aluminas was not uniquely governed 
by the indentation fracture model as is generally thought to be the case in room 
temperature erosion. Thus the indentation fracture model needs to be modified for 
high temperature erosion situations. 
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